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controllable  materials  for  device  applications,  and  the  determination  of  atomic  ' 
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transfer.  The  details  of  these  measurements  along  with  their  Interpretation  and 
formulation  of  theoretical  models  are  described.  - 
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Foreword 


Amorphous  metallic  alloys  possess  attractive  and  unexpected  metal¬ 
lurgical,  mechanical,  and  magnetic  properties  which  have  led  to  exciting 
possibilities  ranging  from  materials  developments  and  substitutions  for 
scarce  and  strategic  materials,  to  applications  in  electromagnetic 
machinery  and  electronic  devices.  The  key  to  fabricating  these  materi¬ 
als  lies  in  rapid  solidification  technology  which  offers  better  homo¬ 
geneity  and  better  structural  refinement  of  materials.  The  possibility 
of  tailoring  the  structure  and  composition  and  hence  the  behavior  of 
amorphous  alloys  offers  an  enormous  advantage  over  crystalline  solids. 
The  details  of  tailoring  depend  crucially  on  a  number  of  fundamental 
concepts  such  as  the  nature  of  bonding  and  the  degree  of  local  atomic 
order  which  in  turn  affect  the  electronic  band  structure  and  therefore 
the  physical  properties. 

Over  the  past  three  and  one-half  years,  we  have  made  substantial 
progress  towards  obtaining  a  basic  understanding  of  disorder  induced 
changes  on  the  magnetic  properties  of  amorphous  alloys.  The  prototype 
materials  in  our  investigation  were  the  binary  iron-boron  alloys  chosen 
for  their  relative  simplicity  and  their  importance  in  elucidating  charge 
transfer  processes.  Chemically  and  magnetically  homogeneous  samples 
over  a  wide  concentration  range  have  been  fabricated  and  examined  for 
their  atomic  and  magnetic  structures.  The  knowledge  of  homogeneity  is 
important  in  obtaining  controllable  materials  for  device  applications, 
and  the  determination  of  atomic  structure,  distribution  of  magnetic 
moments  and  Isomer  shift  is  essential  to  the  knowledge  of  chemical 
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short-range  order  and  the  direction  and  amount  of  charge  transfer.  The 
details  of  these  measurements  along  with  their  Interpretation  and  formu¬ 
lation  of  theoretical  models  are  described  In  the  next  section. 
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FIGURES 


1.  Variations  with  depth  In  Iron  stoichiometry  in  a  typical  sputtered 
Fe-B  film  (#22  on  glass);  average  atomic  fraction  of  iron: 
0.514±0.004. 

2.  Energy  dispersive  X-ray  diffraction  system. 

3.  Radial  distribution  function  for  a-Fe7iB29. 

4.  (a)  Spectrum  of  Fe2B  (powder)  compared  with  (b)  spectrum  of 
a-Fe7iB29  sputtered  film. 

5.  P(H)  distributions  for  a-Fe7iB29  at  295,  77,  and  10  K. 
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6.  MSssbauer  spectrum  and  least  squares  optimized  magnetic  hyper fine 
field  distributions  P( H)  for  sputtered  amorphous  Fes3B«*7  film  at 
T  *  295  K. 

7.  (a)  Spectrum  of  a-Fe40B60-'  Happ  =  80  kOe,  T  *  4.2  K.  Solid  line 
is  theoretical  diagmagnetic  components,  (b)  Same  as  (a)  with  theo¬ 
retical  spectrum  subtracted  ("stripped''  data),  (c)  Stripped  data 
with  solid  line  showing  spectrum  from  P(H)  fit.  (d)  P(H)  giving 
best  fit  to  stripped  spectrum.  Dashed  line  represents  meaningless 
part  of  distribution. 

8.  Temperature  dependence  of  the  magnetization  deduced  from  FMR  data 
on  amorphous  FexB  x  alloys.  As  described  in  the  text,  below  80  K, 

Fei»7  and  Fe49  do  not  show  simple  behavior,  hence  the  dashed  lines. 

9.  Temperature  dependence  of  the  FMR  linewidths  at  11  GHz  for  amor¬ 
phous  FexB1_x  alloys. 

10.  Temperature  dependence  of  the  resonance  field  for  FMR  in  amorphous 
Fe47.  Below  80  K,  the  data  are  dependent  upon  the  thermal  his¬ 
tory.  The  solid  line  is  obtained  on  slow  (-0.25  K/min)  cooling 
while  the  other  data  represent  other  thermal  cycles. 

11.  Magnetic  phase  diagram  for  the  alloy  (AxBi-x^c°i-x»  Tc  and  Tn  are 

normalized  Curie  and  N6el  temperatures.  For  definition  of  other 
parameters,  see  text. 

12.  Magnetic  phase  diagram  for  the  alloy  (AxBi-x^cDi-c»  Tc  and  Tn  are 

normalized  Curie  and  N6el  temperatures.  For  definition  of  other 
parameters,  see  text. 

13.  Magnetic  phase  diagram  for  the  alloy  (AxB1_x)cDl-c;  Tc  and  Tn  are 

normalized  Curie  and  Ndel  temperatures.  For  definition  of  other 
parameters,  see  text. 

14.  Magnetic  phase  diagram  (schematically)  for  the  model  discussed  in 
the  text.  The  three  para-spinglass  phase  boundaries  correspond  to 

the  greater  than  ( . ),  equal  to  (-•-•-•)  and  less  than  (■-■-■-) 

signs  in  Eq.  (  7). 

TABLE 


1.  Isomer  shifts  (5),  magnetic  ordering  temperature  (Tc)  and  value  of 
H  for  which  P(H)  Is  maximum  (Hpea>()  for  several  amorphous  alloys, 
polycrystalline  Fe2B  and  the  metastable  phase  Fe3B.  Isomer  shifts 
are  relative  to  a-Fe  with  source  and  absorber  at  300  K. 
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I.  Measurements  and  Results 

A.  Specimen  Preparation 

Amorphous  FexB10o-x  al1°ys  were  prepared  by  sputtering  in  an 
18  inch  vacuum  system  capable  of  either  rf  or  dc  sputtering  at  power 
levels  of  1  kilowatt.  Typical  Fex^oo-x  specimens  were  prepared  by  rf 
sputtering  of  mixed  powder  targets  (Fe2B,  Fe2B  +  FeB,  FeB  or  FeB  +  B)  in 
an  inert  gas  such  as  argon  at  partial  pressures  of  approximately  10  urn. 

A  special  magnetic  focusing  ring  was  used  to  confine  the  sputtering  ions 
so  as  to  enhance  the  sputtering  rates.  The  resulting  rates  of  approxi¬ 
mately  50  A/min  are  customarily  used  to  grow  films  of  5  to  10  um  thick¬ 
ness  as  measured  by  interferometric  methods. 

Films  of  a  wide  composition  range  have  been  prepared  on  substrates 
including  glass,  fused  quartz,  beryllium,  and  Kapton  according  to  the 
experiments  in  progress.  Through  careful  control  of  deposition  param¬ 
eters,  target  materials  and  source  holders,  conditions  were  finally 
achieved  that  lead  to  chemically  and  magnetically  homogeneous  samples  as 
judged  by  secondary  ion  mass  spectrometry  and  ferromagnetic  resonance. 

B.  Secondary  Ion  Mass  Spectrometer  (SIMS) 

The  sputter-ion  source  secondary  ion  mass  spectrometer  at  APL  is  a 
powerful  and  unique  tool  in  thin  film  research  and  in  the  study  of 
solids  In  general.  It  consists  of  a  high-voltage  primary  source  of 
Inert  gas  ions  which  generates  secondary  ions  from  a  test  specimen  by 
Ion  sputtering.  The  secondary  Ions  originating  from  the  sample  are 
focused  electostatically  into  a  double- focusing  mass  spectrometer.  A 


spectrum  is  obtained  by  changing  the  magnetic  field  at  constant  accel¬ 
erating  potential.  The  secondary  ions  are  detected  by  an  ion  multiplier 
with  very  low  background  current  and  recorded  on  an  X-Y  chart  recorder. 

The  interaction  of  the  ion  beam  with  the  target  results  in  the  pro¬ 
duction  of  atomic  and  polyatomic  fragments  of  which  an  ample  fraction 
are  ionized.  The  rate  at  which  a  given  material  is  sputtered  can  be 
controlled  by  varying  the  beam  intensity.  When  a  defocused  beam  is  used 
with  an  exit  aperture  on  the  einzellens,  flat  craters  in  planar  samples 
are  produced.  This  enables  one  to  obtain  concentration  profiles  with 
depth  without  a  crater  shape  correction.  It  is  also  useful  in  evaluat¬ 
ing  variations  in  composition  of  films  prepared  by  evaporation  or  sput¬ 
tering.  An  example  of  the  composition  variations  of  a  representative 
Fe-B  film  prepared  by  sputtering  is  shown  in  Fig.  1. 

A  study  of  the  initial  Secodary  Ion  Energy  Distribution  (SIED)  for 
a  number  of  species  has  shown  that,  in  general,  atomic  ions  have  broader 
distribution  curves.  Thus,  with  the  window  at  the  lower  ion  energy  por¬ 
tion  of  the  distribution  curves,  polyatomic  as  well  as  atomic  species 
are  seen  in  the  mass  spectra.  On  the  other  hand,  when  the  window  is  at 
the  higher  energy  end  of  the  curves,  essentially  only  atomic  ions  are 
recorded  in  the  spectra. 

Further  extended  studies  of  SIED  have  shown,  that  for  a  given 
element,  the  SIED  depends  on  the  bonding  in  a  specific  matrix  and  that 
for  dopants  In  glasses,  the  areas  under  the  SIED  curves  exhibit  a  direct 
relation  to  the  first  ionization  potential. 
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The  major  task  in  using  SIMS  for  quantitative  work  is  to  convert 
intensities  into  concentrations.  This  can  only  be  accompMshed  by  pro¬ 
tracted  studies  of  sputtering  behavior,  by  having  a  thorough  familiarity 
with  the  spectrometer  in  use,  and  having  access  to  suitable  calibration 
samples.  All  of  these  factors  were  used  in  the  past  contractual  period 
to  arrive  at  an  understanding  of  the  conditions  required  to  obtain 
meaningful  compositional  analyses. 

C.  X-ray  Diffraction  Studies 

Atomic  structures  of  non-crystalline  solids  can  be  specified  with 
much  less  precision  than  those  of  their  crystalline  counterparts.  For 
crystals,  knowledge  of  the  Bravals  lattice  and  positions  of  atoms  within 
the  unit  cell,  which  can  usually  be  obtained  by  X-ray  diffraction,  is 
sufficient  to  fix  all  the  atomic  positions,  at  least  up  to  the  nearest 
defects.  In  non-crystalline  solids  there  is  no  unit  cell,  and  X-ray 
diffraction  is  Inherently  less  Informative,  providing  only  a  probabil¬ 
istic  distribution  function. 

Atomic  positions  in  an  amorphous  solid  are  far  from  completely 
random  In  the  sense  that  positions  of  atoms  in  a  gas  are  random.  The 
fact  that  a  solid  Is  composed  of  atoms  in  contact  with  one  another 
Impose  some  regularity  on  the  local  environment  of  each  of  them.  Atomic 
positions  are  strongly  correlated  in  the  nearest  neighbor  shell,  yet 
uncorrelated  beyond  a  few  interatomic  spacings.  This  Is  the  meaning  of 
the  common  statement  that  amorphous  solids  possess  short-range  order  but 
no  long  range  order. 


X-ray  diffraction  patterns  for  amorphous  materials  consist  of 
several  diffuse  intensity  peaks  rather  than  the  series  of  sharp  diffrac¬ 
tion  peaks  exhibited  in  the  patterns  for  crystalline  materials.  It  is 
possible  to  investigate  an  amorphous  pattern  by  the  methods  of  Fourier 
analysis  and  determine  the  nature  of  the  sample  structure.  The  lack  of 
any  overall  structural  regularity  removes  from  the  X-ray  diffraction 
patterns  of  such  specimens  differentiation  of  the  scattering  in  a  direc¬ 
tional  sense.  This  has  the  direct  consequence  that  the  available 
intensity  information  permits  the  determination  of  the  magnitudes  of  the 
interatomic  vectors,  but  not  their  directions.  The  results  can  be  por¬ 
trayed  as  a  radial  distribution  function  (RDF)  of  the  radial  distance 
from  any  reference  atom  in  the  system.  The  average  number  of  atoms  is 
given  by  4irr2p(r)dr  where  r  is  the  radial  distance  from  the  origin 
and  p(r)  is  the  density  fo  the  atoms.  Thus  the  atomic  coordination 
number  as  a  function  of  interatomic  distance  can  be  determined. 

Energy  dispersive  X-ray  diffraction  (EDXD)  analysis  has  proved  to 
be  a  very  useful  tool  In  determining  the  Intensity  versus  energy  dif¬ 
fraction  patterns  for  amorphous  solids.1  The  energy  dispersive  instru¬ 
mentation,  shown  in  Fig.  2,  includes  a  solid  state  detector  and  multi¬ 
channel  analyzer.  Data  acquisition  generally  takes  from  five  to  ten 
hours  and  data  analysis  is  performed  using  a  fast  Fourier  computer  rou¬ 
tine  to  transform  the  corrected  diffraction  information. 

The  energy  dispersive  diffraction  system  is  not  affected  by  fluc¬ 
tuations  in  the  intensity  of  the  source  since  the  counting  of  all  pho¬ 
tons  is  done  simultaneously.  No  mechanically  moving  parts  are  Involved 


so  accuracy  and  reproducibility  are  higher  than  for  an  angular  scan  dif¬ 
fractometer  system.  Also,  the  total  intensity  of  the  white  radiation  is 
usually  higher  than  the  intensity  of  a  characteristic  radiation  line, 
resulting  in  much  faster  data  collection. 

During  the  first  phase  of  the  program,  an  EDXD  system  complete  with 
data  analysis  components  has  been  assembled  and  the  radiation  distribu¬ 
tion  functions  obtained  for  a  number  of  amorphous  iron-boron  alloys 
deposited  on  different  substances  as  well  as  alloys  obtained  by  rapid 
quenching.  Spectra  of  rapid  quenched  samples  were  found  to  be  easier  to 
interpret  due  to  the  absence  of  a  substrate.  However,  specimen  depos¬ 
ited  on  Kapton  (duPont  polyimide  film)  in  contrast  to  those  on  quartz  or 
beryllium,  are  also  easily  amenable  to  data  analysis  due  to  lack  of 
interference  from  substrate.  Our  recently  obtained  results  on  a-Fe7iB29 
are  shown  in  Fig.  3  and  are  being  presently  analyzed  in  terms  of  a  model 
suggested  by  our  Mossbauer  data. 

D.  Mossbauer  Studies 

MSssbauer  spectroscopy  has  proved  to  be  an  extraordinarily  useful 
tool  for  investigating  magnetic  properties  and  structure  of  amorphous 
alloys  containing  Iron  as  one  of  the  elemental  constituents.  Background 
material  on  the  MBssbauer  effect  and  its  application  to  the  study  of 
magnetic  materials  is  well  documented  elsewhere,2  and  will  not  be 
repeated  here. 

Sputtered  films  of  FexB1()o-x  In  the  composition  range,  40_<  x_<  71, 
not  accessible  by  melt-quenching  techniques  were  studied.  The  range 


covers  the  composition  corresponding  to  crystalline  compounds  FeB,3  and 
Fe2B4  which  facilitates  the  delineation  of  disorder  induced  effects. 

Mossbauer  spectra  were  obtained  using  a  57 Co  in  Rh  source  at  the 
same  temperature  as  the  absorber,  except  in  the  10  K  experiments  where 
the  source  was  at  room  temperature.  External  magnetic  field  experiments 
were  performed  in  a  superconducting  solenoid  with  both  source  and  absor¬ 
ber  at  4.2  K.  The  observed  broadened  magnetic  spectra  were  analyzed 
using  a  version  of  Window's  procedure  for  fitting  a  continuous  distribu¬ 
tion  of  magnetic  hyperfine  fields  to  a  truncated  cosine  series  expansion 
of  P(H).5 

Several  samples,  prepared  by  sputtering  Fe2B  polycrystalline  powder 
from  the  iron  source  holder,  were  determined  by  SIMS  to  be  homogeneous 
(to  better  than  ±0.5%)  and  to  have  a  composition  very  close  to  Fe7iB29. 
Samples  with  somewhat  less  iron  content  were  prepared  by  sputtering  from 
a  mechanical  mixture  of  Fe2B  and  FeB.  The  room  temperature  spectrum  of 
a  typical  sample,6  compared  with  the  spectrum  of  Fe2B  powder,  is  shown 
in  Figure  4.  Qualitatively,  the  spectra  are  similar  except  for  two 
prominent  features  which  characterize  nearly  all  the  ferromagnetic 
amorphous  film  spectra:  (1)  the  six  lines  are  broadened  In  the  amor¬ 
phous  alloy,  and  (ii)  the  line  Intensity  ratios  are  quite  different  in 
the  amorphous  film  compared  with  the  crystalline  powder.  The  broadened 
lines  of  course  reflect  the  non-uniqueness  of  the  hyperfine  field,  and 
the  line  Intensity  ratios  indicate  that  the  iron  magnetic  moments  in  the 
amorphous  alloy  lie  close  to  the  plane  of  the  substrate.  In  the  (ran¬ 
domly  oriented)  powder,  the  line  intensities  are  close  to  the  theoret- 
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i cal  ratio  (3:2:1).  In  the  amorphous  alloy  the  intensity  ratios  are  not 
immediately  evident  by  inspection  because  of  the  distribution  of  hyper- 
fine  fields;  however,  analysis  indicates  that  the  ratio  is  close  to 
3:3. 5:1  placing  the  average  magnetization  direction  about  15°  out  of  the 
plane  of  the  film.  The  magnetic  hyperfine  field  distributions  P(H)  are 
shown  in  Fig.  5  for  various  temperatures  and  are  found  to  shift  to 
higher  fields  on  lowering  the  temperature.  Spectra  were  also  obtained 
in  50  K  increments  above  room  temperature  up  to  600  K.  At  600  K  the 
spectrum  is  partially  collapsed  with  Hpea(c  »  180  kOe,  to  be  compared 
with  the  value  of  about  250  kOe  at  10  K.  The  result  for  the  magnetic 
ordering  temperature  is  estimated  to  be  larger,  than  750  K. 

The  room  temperature  parameters  of  a-Fe7iB29  are  not  greatly  dis¬ 
similar  from  its  crystalline  near-counterpart,  FezB.  The  disordered 
structure  of  the  amorphous  alloy  causes  variations  in  the  magnetic 
hyperfine  fields  seen  by  different  Fe  atoms.  The  hyperfine  field  dis¬ 
tribution,  depending  on  the  configurations  of  neighboring  magnetic 
atoms,  is  centered  at  a  value  near  the  FezB  hyperfine  field  and  is 
rather  symmetrically  distributed  about  that  value.  This  Is  in  contrast 
to  results  on  a-FeB,  discussed  below,  and  points  towards  the  existence 
of  similar  chemical  short  range  order  in  amorphous  samples  with  a  com¬ 
position  in  the  vicinity  of  Fe67B33  and  crystalline  FezB.  The  results 
for  sputtered  Fe7iB29  are  also  similar  to  those  for  melt-quenched 
Fe72B28»7  and  are  shown  in  Table  I  along  with  parameters  for  Metglas 
Fe8oB20  and  the  metastable  phase  Fe3B. 
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Sputtering  pure  FeB  produced  uniform  films  with  a  composition 
Fes3B47  as  measured  by  SIMS.  Figure  6  shows  the  room  temperature  spec¬ 
trum  of  Fe53B47.8  Unlike  Fe2B,  the  amorphous  sample  spectrum  is 
distinctly  different  from  its  crystalline  counterpart.  The  P(H)  fit 
shows  a  low  field  component  plus  a  distribution  centered  around  130  kOe. 
As  the  temperature  is  reduced  the  spectra  show  a  broadly  distributed 
high  magnetic  field  (-130  kOe)  component  increasing  in  both  intensity 
and  width.  The  central  peak  in  the  MSssbauer  spectrum,  indicative  of  a 
low  or  zero  field  contribution,  is  present  down  to  10  K.  The  P(H)  dis¬ 
tributions  show  that  the  area  under  the  main  distribution  becomes  larger 
with  decreasing  temperature  and  that  the  peak  of  this  distribution  moves 
toward  higher  magnetic  field.  At  all  temperatures  there  is  a  signifi¬ 
cant  peak  at  low  field,  encompassing  the  region  approximately  0  to 
60  kOe.  MSssbauer  spectra  of  amorphous  samples  with  x  »  50  and  spectra 
of  Fe$3B47  at  temperatures  above  room  temperature  all  show  a  distinct 
(partially  resolved)  quadrupole  doublet  near  zero  velocity.  The  quadru¬ 
ple  doublet  persists  above  Tc  In  all  samples,  even  down  to  10  K  (above 
Tc,  it  is  best  fit  by  an  equivalent  P(H)  distribution  peaked  near  40  kOe 
with  a  FWHM  of  about  40  kOe).  The  intensity  ratio  indicate  that  the 
average  magnetization  direction  In  these  samples  lies  approximately  50° 
out  of  the  plane  of  the  film. 

The  Fe  atoms  in  crystalline  FeB  experience  a  unique  environment 
with  a  saturation  magnetic  hyperflne  field  of  131  kOe.  In  order  to 
explain  the  observed  distribution  of  magnetic  hyperfine  fields  in  the 
amorphous  FesoBsc  alloys,  one  must  conclude  that  a  large  number  of  Fe 


atom  environments  are  very  different  from  the  ones  in  crystalline  FeB. 
The  large  difference  in  the  values  of  electric  quadrupole  splitting 
(Ref.  9,  Table  I)  also  points  to  the  same  conclusion,  in  contrast  to  the 
interpretation  of  experiments  on  liquid-quenched  amorphous  Fe7sB25» 
where  the  local  chemical  order  is  believed  to  be  the  same  as  that  in 
crystalline  Fe3B.7’10  The  results  suggest  a  structural  model  for  amor¬ 
phous  FesoBso  alloys  in  which  somewhat  more  than  half  of  the  Fe  atoms 
reside  in  regions  having  a  local  chemical  order  similar  to  crystalline 
ferromagnetic  FeB,  with  deviations  around  the  crystalline  bond  lengths 
and  angles.  The  remaining  non -ferromagnetic  Fe  sites  may  lie  on  the 
surfaces  of,  or  at  interstices  between,  these  regions  and  thus  have 
local  surroundings  substantially  different  from  the  crystalline  ones. 

The  number  of  these  such  sites  increases  with  decreasing  Fe  content. 

Since  on  reducing  the  iron  concentration  in  samples  with  50  ±  10% 

Fe  the  "low  field  bump"  in  the  P(H)  distribution  increases  in  amplitude 
at  the  expense  of  the  "high  field  bump"  (130  kOe)  associated  with  the 
ferromagnetic  component,  it  was  hoped  that  there  would  be  little  inter¬ 
ference  in  the  MSssbauer  spectra  from  the  high  field  component  if  one 
studied  a  sample  of  sufficiently  low  iron  content  to  exhibit  only  the 
low  field  P(H)  bump.  Therefore,  a-FeitoB60  sample  was  investigated  under 
a  high  external  magnetic  field  to  reveal  the  nature  of  the  non¬ 
ferromagnetic  component.  Interpretation  of  the  high  field  spectra  was, 
however,  not  as  simple  as  anticipated.  This  is  primarily  because  at 
least  two,  qualitatively  distinct,  types  of  magnetic  behavior  were 
observed.  In  order  to  simplify  the  spectra  a  method  for  subtracting  an 
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observed  non-magnetic  component  from  the  experimental  spectrum  was 
devised.  As  an  example,  the  Happ  -  80  kOe  experimental  spectrum  is 
shown  in  Figure  7(a)  together  with  a  theoretical  spectrum  (solid  line) 
of  just  the  diamagnetic  component.  The  theoretical  spectrum  was 
obtained  using  "best  guesses"  for  the  hyperfine  parameters.  The  method 
of  generating  the  theoretical  spectrum  for  a  mixed  electric  quadrupole/ 
magnetic  dipole  interaction  is  described  elsewhere.11  For  the  diamag¬ 
netic  atoms  the  quantization  axis  is  the  external  magnetic  field  direc¬ 
tion,  and  the  electric  field  gradient  tensor  principal  axis  is  averaged 
over  all  directions  in  computing  the  theoretical  spectrum.  Figure  7(b) 
shows  the  experimental  data  after  subtracting  the  diamagnetic  spectrum; 
and  Figure  7(c)  and  7(d)  show  the  fit  (solid  line)  and  P(H)  for  this 
"stripped"  spectrum.  The  P(H)  peak  for  the  stripped  spectrum  is  nearly 
independent  of  the  applied  field  (see  Table  I  of  Ref.  8),  representing  a 
component  in  the  spectrum  that  appears  to  be  almost  shielded  from  the 
external  magnetic  field.  Both  this  method  and  the  P(H)  distribution 
method  were  used  to  analyze  the  external  field  data.  The  results  indi¬ 
cate  that  FeitoBeo  possesses  a  complicated  magnetic  structure  which  is 
not  yet  fully  understood.8 

E.  Ferromagnetic  Resonance 

In  the  ferromagnetic  resonance  technique,  one  measures  the  absorp 
tion  of  microwave  radiation  as  a  function  of  an  applied  magnetic  field 
at  different  orientations  of  the  field  with  respect  to  the  film  plane. 
The  measurements  can  be  carried  out  at  several  frequencies  and  tempera 
tures  and  when  carefully  analyzed  lead  to  the  knowledge  of  saturation 


magnetization  relaxation  parameters,  and  also  provide  direct  evidence 
for  the  degree  of  magnetic  inhomogeneity  in  the  film.  The  later  infor¬ 
mation  is  not  easily  accessible  from  other  techniques.  The  method  has 
recently  been  exploited  to  study  amorphous  magnetic  alloys  and  measure¬ 
ments  on  our  samples  have  readily  established  the  magnetic  homogeneity 
of  these  samples  as  evidenced  from  the  narrow  linewidths. 

The  most  detailed  FMR  measurements  have  been  carried  out  in  samples 
with  x  in  the  vicinity  of  0.5. 12  Parallel  geometry  (Hd>c#i  to  sample 
plane)  was  employed  at  frequencies  of  approximately  11  GHz  and  35  GHz  in 
the  temperature  range  2-300  K.  Using  the  equation  (w/y)2  =  Hr(Hp+4irM), 
where  Hp  corresponds  to  the  field  at  the  resonance  center,  the  Hp  data 
were  used  to  evaluate  4*M  and  the  results  are  presented  in  Fig.  8. 

Apart  from  slight  deviations  below  -20  K,  the  conventional  behavior,  M  » 
Mo (1-BT3^2) ,  due  to  excitations  of  spin  waves  is  a  good  representation 
for  x  ■  0.53  over  the  entire  temperature  range  (i.e.,  up  to  T/Tc  = 

0.54).  For  alloys  with  x  »  0.49  and  0.47,  the  T3^2  dependence  is 
observed  only  for  T  >  80  K.  At  lower  temperatures,  the  variation  in  Hr 
is  quite  complex  and  will  be  discussed  later. 

The  temperature  dependence  of  the  linewidth  (Fig.  9)  at  11  GHz 
clearly  shows  the  anomalous  behavior  at  low  temperatures.  Above  approx¬ 
imately  125  K,  the  linewidth  Is  Independent  of  temperature  showing  a 
characteristic  ferromagnetic  behavior.  But  at  lower  temperature,  par¬ 
ticularly  for  x  «  0.47,  linewidth  increases  rapidly  and  shows  a  maximum 
at  -15  K.  This  behavior  has  been  Interpreted  as  reentrant  ferromag¬ 
netism  in  that  the  ground  state  at  0  K  is  not  ferromagnetic  but  is 


I 


» 


} 


s 


f 


I 


I 


-  12  - 


instead  a  spin  glass  state.  Thus,  on  reducing  the  temperature,  a 
ferromagnetic-spin  glass  transition  is  observed.  It  is  postulated  that 
the  spin  glass  state  arises  due  to  the  existence  of  some  of  the  Fe-Fe 
interactions,  either  between  spins  or  between  clusters  of  spins  that  are 
anti  ferromagnetic  leading  to  competing  exchange  and  therefore  spin  glass 
behavior.  Such  a  possibility  had  been  foreseen  in  our  original 
proposal2  and  is  being  fully  explored  at  present. 

The  anomalies  in  magnetization  mentioned  above  have  been  shown  to 
depend  on  the  rate  of  cooling  as  illustrated  in  Fig.  10  for  x  =  0.47. 

The  solid  line  is  obtained  either  by  cooling  slowly  (-0.25  K/min)  or  by 
cooling  in  zero  field  directly  to  4  K  and  observing  Hp  during  a  subse¬ 
quent  warming.  When  the  sample  is  first  cooled  rapidly  (-2  K/min)  from 
80  K  to  50  K,  the  Hp  values  represented  by  solid  circles  are  observed 
during  a  subsequent  warm-up.  The  warming  could  be  carried  out  quite 
slowly  without  affecting  the  Hp  data.  Yet  in  another  run,  the  cooling 
between  80  K  and  50  K  is  accomplished  in  ten  minutes,  followed  oy  a  slow 
cool  to  lower  temperatures  and  the  data  shown  as  full  squares  results. 

It  is  clear  that,  depending  on  the  cooling  rate,  the  system  ends  up 
in  different  metastable  equilibrium  states  which  constitute  the  local 
free  energy  minima.  The  observation  lend  credence  to  the  suggestion 
that  the  spin  glass  state  is  inherently  non-ergodic.13  Many  roughly 
equivalent  free  energy  minima  with  significant  barriers  between  them 
exist  so  that  some  of  the  minima  are  inaccessible  during  the  approach  to 
equilibrium.  The  system  can  therefore  get  locked  into  a  state  of 
"local"  equilibrium  in  which  the  spin  configurations  and  the  consequent 
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internal  fields  are  quite  different  from  those  in  the  "true"  equilibrium 
state. 


F.  Theoretical  Model int 


In  marked  contrast  to  the  theoretical  results  on  crystalline 
solids,  little  work  on  amorphous  solids  is  available  to  explain  the 
existing  data  or  to  serve  as  a  useful  guide  to  planning  new  and  defini¬ 
tive  experiments.  The  absence  of  long  range  order  in  the  atomic  struc¬ 
ture  introduces  immense  complexities  in  the  comprehensive  theoretical 
investigation  of  amorphous  solids.  It  is  therefore  imperative  to 
analyze  relatively  simple  models  which  bear  enough  relationship  to 
actual  disordered  solids  to  be  able  to  delineate  the  disorder  induced 
effects  on  electronic  and  magnetic  properties.  In  addition,  the  anal¬ 
ysis  of  such  models  serves  as  a  useful  guide  in  interpreting  experi¬ 
mental  data  and  fruitful  planning  of  new  experiments.  We  have  therefore 
formulated  and  analyzed  a  theoretical  model  for  magnetism  in  disordered 
solids  which  is  briefly  described  below. 


Our  model  concerns  systems  containing  a  large  concentration  of 
ferromagnetic  metallic  impurities  in  a  disordered  diamagnetic  host.  It 
was  actually  the  theoretical  modeling  that  motivated  our  experimental 
work  on  amorphous  iron-boron  alloys  (a-FexB10(J_x).  Such  alloys,  as 
already  mentioned  above,  exhibit  many  interesting  properties  that  should 
help  us  to  understand  phenomena  as  varied  as  hopping  conduction, 
insulator-metal  transition  and  magnetic  interactions  in  disordered 
solids.  A  site-disordered  alloy,  x,  with  concentration  x  of 


magnetic  atoms.  A,  randomly  distributed  in  a  nonmagnetic  lattice  of  B 
atoms  with  concentration  1-x  is  considered.  The  lattice  is  assumed  to 
be  structurally  disordered  which  induces  fluctuations  in  the  ferromag¬ 
netic  exchange  interactions  between  magnetic  atoms.  Thus,  besides  the 
temperature  and  the  coordination  number  of  the  lattice,  the  relevant 
parameters  for  the  discussion  of  thennodynami c  quantities  are  the  con¬ 
centration  of  the  magnetic  atoms,  x,  and  the  measure  of  fluctuations, 

A.  The  crystalline  ferromagnet  results  in  the  limits  x  =  1  and  a  *  0 
and  serves  as  a  useful  check  on  the  calculations  performed. 

In  binary  alloys,  AXB1_X,  one  would  observe  the  onset  of  ferro¬ 
magnetism  for  a  critical  concentration,  xo,  of  magnetic  atoms.  Since 
the  conventional  molecular  field  approximation  does  not  predict  a  criti¬ 
cal  concentration,  it  would  not  be  appropriate  for  discussion  of  the 
properties  of  AXBL_X  over  the  entire  range  of  x.  We  have  therefore 
considered  a  cluster  model  and  have  investigated  it  within  the  Bethe- 
Peierls-Welss  approximation. 14  The  resulting  free  energy  is  averaged 
over  all  the  configurations  of  the  disordered  system,  and  a  self- 
consistent  condition  on  magnetization  is  used  to  yield  expressions  for 
thermodynamic  quantities  of  Interest.  The  procedure  allows  a  systematic 
investigation  of  the  effect  of  fluctuations  on  various  thermodynamic 
variables. 

It  is  shown  that  the  critical  concentration,  xo.  Is  not  influenced 
by  the  presence  of  fluctuations.14  This  is  a  reasonable  result  since  it 
is  the  presence  of  a  magnetic  bond  that  is  Important,  not  its  strength. 
The  value  of  xo  («  1/3)  is  found  to  be  in  fair  agreement  with  the  exper- 


imental  value  (0.4)  deduced  from  the  Curie  temperature  versus  concentra¬ 
tion  measurements  on  iron  atoms  randomly  substituted  in  amorphous  ger¬ 
manium.15  For  x  >  xo,  the  fluctuations  depress  the  values  of  the  Curie 
temperature,  the  high  temperature  magnetic  susceptibility,  and  the  mag¬ 
netization  relative  to  the  corresponding  values  for  the  average  crystal. 
For  small  values  of  A,  explicit  expressions  for  the  amount  of  decrease 
in  these  quantities  are  obtained.  However,  the  critical  indices  for 
magnetization  as  well  as  susceptibility  are  found  to  be  unaffected  by 
fluctuations.14 

Although  most  amorphous  solids  containing  a  substantial  proportion 
of  magnetic  atoms  are  ordered  ferromagnetically,  more  complex  magnetic 
structures  can  and  do  occur.  The  complexity  of  the  magnetic  structure 
is  determined  by  the  crystalline  field  anisotropy  and  relative  strengths 
and  signs  of  various  magnetic  interactions.16  One  such  complex  magnetic 
structure,  termed  "spin  glass",  possesses  no  long-range  magnetic  order 
but  does  exhibit  anomalies  In  Its  thermodynamic  behavior.17  It  is 
expected  that  a  study  of  spin  glasses  will  answer  questions  concerning 
the  fundamental  nature  of  exchange  Interactions. 

The  above  formulation  has  been  modified  to  discuss  the  static  prop¬ 
erties  of  the  Edwards-Anderson  Model  of  a  spin  glass18  where  exchange 
interactions  are  assumed  to  obey  a  Gaussian  distribution  centered  at 
zero.  Thus  competing  exchange  Interactions  occurs  with  equal  probabil¬ 
ity.  In  our  treatment,19  the  presence  of  a  finite  number  of  nearest 
neighbors  Increases  the  value  of  the  spin  glass  transition  temperature 
compared  to  the  molecular  field  result  of  Edwards  and  Anderson.  Fur- 
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thermore,  in  contrast  to  the  molecular  field  approximation,  the  magnetic 
susceptibility  approaches  the  transition  temperature  from  below  with  a 
finite  positive  slope,  in  agreement  with  the  experimental  results. 

The  model  has  been  further  extended  to  random  ternary  alloys  of  the 
type  (AxB1_x)cDl_c  where  A  and  B  are  magnetic  species  while  D  represents 
the  non-magnetic  atoms.20  Such  a  model  allows  for  competition  amongst 
the  three  exchange  interactions  J^,  JAB,  and  JBB.  We  have  analyzed  the 
model  where  JAA  is  taken  to  be  ferromagnetic  while  JBB  is  assumed  to  be 
anti  ferromagnetic  and  the  sign  of  JAb  is  allowed  to  vary.  The  details 
of  the  model  are  being  written  up  for  publication  and  here  we  only  sum¬ 
marize  the  important  results.  Depending  on  the  relative  concentration 
of  various  interactions,  various  phases  are  obtained.  The  equation  that 
determines  the  complete  phase  diagram  is 

x  [(z-l)c2  L2  +  zcL  +  1]  +  (l-x)[(z-l)c2  L2  +  zcL  +  1]  *  0 
1,2  1,2  2,3  2,3 

(1) 

where  z  is  the  coordination  number  of  the  lattice.  The  upper  sign  is 
for  the  ferromagnetic  state  while  the  lower  sign  is  for  the  anti  ferro¬ 
magnetic  state  and. 


and 


L 

l,2 


XL  (y  )  +  (l-x)L  (y  ) 
11  2  2 


L 

2,  3 


*  xL  (y  )  +  (l-x)L  (y  ). 
2  2  3  3 


(2) 


The  L^'s  are  the  Langevin  functions  and  their  arguments  y^'s  are  given 
by  yi  =  2  J^S(S+l)/kT  with  Ji  *  JAA»  ^2  *  ^AB  *  *^BA  a  ®^i  J3  *  Jgg 
SJi .  Thus  for  a  given  set  of  values  for  (z,  c,  <*,  &)  one  can  obtain 


yiC,N  =  kTc ,n/2Ji S(S+1)  as  a  function  of  x;  TCjN  being  the  Curie  or  the 
N6e1  temperatures.  The  overall  results  for  a  number  of  parameters  are 
shown  in  Figs.  11  to  13.  For  x  -  1,  the  alloy  is  ferromagnetic  and  its 
Curie  temeprature  Tc  is  decreased  as  increasing  number  of  anti  ferromag¬ 
netic  bonds  are  introduced  (Fig.  11).  The  rate  of  decrease  depends  on 
the  values  of  a  and  8  as  does  the  critical  concentration  at  which  the 
ferromagnetic  phase  disappears  (Figs.  12  and  13).  The  paramagnetic 
phase  prevails  until  the  number  of  ferromagnetic  bonds  is  large  enough 
to  lead  to  the  existence  of  anti  ferromagnetic  phase  above  a  critical 
concentration.  The  N§el  temperature  then  increases  with  decreasing  x  as 
shown  in  Figs.  11  to  13. 


At  low  temperatures,  due  to  competing  exchange  interactions,  one 
might  expect  to  obtain  the  spin  glass  phase.  We  have  investigated  such 
a  behavior  for  the  above  model  in  the  limit  of  large  z.21  The  equations 
determining  the  phase  boundaries  are  given  by. 


and 


2<5Z>  +  2zq<£>  +  3  ■  0 
( ferromagneti c-paramagneti c ) 


(3) 


<52>  *  1/2  (2z2q2  -  3) 
(paramagnetic-spin  glass). 


(4) 


where  q  =  (3/2 z)1/2,  5  »  J/2kTq  «  aJ,  and  z  is  the  number  of  nearest 
neighbors.  The  configurationally  averaged  quantities  <5>  and  <£2>  are 
given  by 


<C>  a  ay2J2  [x2  +  e ( 1-x )2  +  2x( 1-x)] 


(5) 


(6) 


<C2>  =  a2y2J2[x2  +  g2(l-x)2  +  2a2x(l-x)]. 

I  The  complete  phase  diagram  of  the  random  alloy  is  determined  by  Eqs.  (3) 

through  (6).  The  results  are  depicted  in  Fig.  14  for  y  =  1  and  z  =  8. 
The  important  point  is  that  the  slope  dTsg/dx  of  the  paramagnetic/spin 
1  glass  phase  boundary  in  the  vicinity  of  xt,  the  point  where  the  three 

phases  meet,  is  positive,  zero,  or  negative  depending  on  whether 


i 


(7) 


These  trends  have  been  noticed  in  a  number  of  amorphous  metallic  alloys. 

I 

Lastly,  we  mention  a  recently  developed  model  to  understand  the 
dynamics  of  spin  glasses,  in  particular  the  temperature  dependence  of 
|  the  resonance  linewidth.  The  observed  increase  in  linewidth  at  low  tern- 

peratures  is  seen  to  be  caused  by  Inhomogeneous  line  broadening  due  to 
the  existence  of  random  molecular  flelus.  At  high  temperatures  the 
*  effect  of  these  fields  is  negligible  due  to  thermal  spin  fluctuations. 

But  as  temperature  decreases  the  spins  with  exchange  energy  greater  than 
the  thermal  energy  start  to  correlate  and  produce  local  fields.  As  tem- 
'  perature  is  lowered  further,  increasing  number  of  spins  participate  in 

producing  local  fields  thus  Increasing  the  moment  of  the  line  shape;  the 
second  moment  being  a  direct  measure  of  line  broadening.  For  a  spin 
'  glass,  the  second  moment  is  shown  to  depend  on  width  of  the  field  dis¬ 

tribution  and  not  the  mean.  Calculations  are  in  progress  for  model 
field  distributions. 
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Fig.  2.  Energy  dispersive  X-ray  diffraction  system. 
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Fig.  5.  P(H)  distributions  for  a-Fe7iB2*  at  295,  77,  and  10  K. 


g.  6.  MSssbauer  spectrum  and  least  squares  optimized  magnetic  hyper 
fine  field  distributions  P(H)  for  sputtered  amorphous  Fes3B*7 
film  at  T  ■  295  K. 


Magnetic  field  (KOE) 


Fig.  7.  (a)  Spectrum  of  a-FemjBeo:  H...  *  00  kOe,  T  *  4.2  K.  Solid 

line  Is  theoretical  dlagmagnetYc  components,  (b)  Same  as  (a) 
with  theoretical  spectrum  subtracted  ("stripped"  data). 

(c)  Stripped  data  with  solid  line  showing  spectrum  from  P(H) 
fit.  (d)  P(H)  giving  best  fit  to  stripped  spectrum.  Dashed 
line  represents  meaningless  part  of  distribution. 
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.  Temperature  dependence  of  the  magnetization  deduced  from  FMR 
data  on  amorphous  FexB  x  alloys.  As  described  in  the  text, 
below  80  K,  Fe47  and  Fei^g  do  not  show  simple  behavior,  hence 
the  dashed  lines. 
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Fig.  10.  Temperature  dependence  of  the  resonance  field  for  FMR  in  amor¬ 
phous  Fei*7.  Below  80  K,  the  data  are  dependent  upon  the 
thermal  history.  The  solid  line  is  obtained  on  slow 
(-0.25  K/min)  cooling  while  the  other  data  represent  other 
thermal  cycles. 
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Fig.  11.  Magnetic  phase  diagram  for  the  alloy  (AxBi-x)cDi-x;  Tc  and  Tn 
are  normalized  Curie  and  N6el  temperatures.  For  definition  of 
other  parameters,  see  text. 
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Fig.  12. 


Magnetic  phase  diagram  for  the  alloy  (AxBi  r-  Tr  tm 

;s.?o™^Srsr«e‘wx!<e' tw,peratures-  *»•  *«"««<>■>  of 


Fla.  14.  Magnetic  phase  diagram  (schematically)  for  the  model  discussed 
In  the  text.  The  three  para-splnglass  phase  boundaries  corre¬ 
spond  to  the  greater  than  ( - ),  equal  to  ( - )  and  less 

than  (■>■-■-)  signs  In  Eq.  (7). 
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Table  I.  Isomer  shifts  (6),  magnetic  ordering  temperature  (Tc)  and 
value  of  H  for  which  P(H)  is  maximum  (Hpeak)  for  several 
amorphous  alloys,  polycrystalline  Fe2B  ana  the  metastable 
phase  Fe3B.  Isomer  shifts  are  relative  to  a-Fe  with  source 
and  absorber  at  300  K. 


Sample 

5(mm/sec) 

Tc0O 

Hpk(k0e) 

a-Fe7iB29 

(sputtered) 

+0.12 

>750 

222 

a-Fe72B28 

(melt-quenched) 

+0.09 

760 

245 

a-FegoB20 
(Metglas  alloy) 

+0.07 

685 

255 

Fe2B 

(polycrystal¬ 
line  powder) 

+0.12 

1015 

236 

Fe3 

(metastable) 

+0.5 

to 

+0.14 

-820 

242 

to 

305 

(at  least  3 
distinct  mag¬ 
netic  sites) 
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II.  Summary  of  Important  Results 

In  our  studies  on  a-FexB1()0_x  alloys,  we  have  produced  sputtered 
films  of  the  alloys  that  are  chemically  and  magnetically  homogeneous. 
This  has  required  a  proper  choice  of  source  materials  and  holders  and  a 
careful  control  over  deposition  parameters.  The  excellent  results  could 
not  have  been  achieved  without  the  examination  of  the  samples  by  SIMS 
and  ferromagnetic  resonance  and  incorporating  the  findings  in  refinement 
of  the  sputtering  equipment.  It  should  be  emphasized  that  chemical  and 
magnetic  homogeneity  is  essential  to  controllable  tailored  materials  and 
applications  in  magnetic  devices. 

Mossbauer  studies,  besides  yielding  relevant  magnetic  parameters 
for  the  alloys,  have  thrown  light  on  the  structure  of  the  alloys. 

Though  the  chemical  short  range  order  in  metallic  glasses  has  been  dem¬ 
onstrated  to  be  similar  to  that  in  corresponding  crystalline  alloys,  our 
results  indicate  this  to  be  true  only  for  iron  concentration,  x,  larger 
than  ~0.7.  For  alloys  with  x  in  the  vicinity  of  0.5,  the  chemical  short 
range  order  is  significantly  different  from  that  in  crystalline  FeB  for 
about  30  per  cent  of  the  Fe  sites.  Such  alloys  also  possess  a  magnetic 
ground  state  (spin  glass)  that  is  different  from  the  ferromagnetic  state 
of  the  crystalline  FeB.  The  understanding  of  the  modification  of  chemi¬ 
cal  and  magnetic  short  range  order  would  be  extremely  valuable  for  tail¬ 
oring  various  properties  of  materials. 

The  experimental  program  has  benefited  from  the  guidance  and  inter¬ 
pretation  provided  by  accompanying  theoretical  modeling.  A  model,  pre- 
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viously  designed  for  the  study  of  evolution  and  behavior  of  ferromagne¬ 
tism  in  disordered  binary  alloys,  has  been  generalized  to  include 
ternary  alloys  and  to  consider  the  possibility  of  competing  exchange 
interactions  and  the  resulting  spin  glass  phase.  The  trends  predicted 
for  the  stability  of  various  magnetic  phases  in  disordered  alloys  have 
been  experimentally  observed  in  a  number  of  amorphous  magnetic  alloys. 
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U.S.s 


Abetracc.-  A  eompoaicionally  dieordered  magnetic  alloy  (AxBs_!t)cD. where  A  and  3  ara  magnetic 
ipeciea  whila  D  represents  cha  nonmagnetic  atoms  ia  considered.  The  composition  among  che  exchange 
incaracciona  and  JM  in  chaaa  ailoya  can  land  to  tha  disappaaranca  of  cha  ferromagnetism 

(for  ferromagnetic  balov  a  critical  coneaatration  x, .  For  x  <  x. ,  wa  ahow  that  whila  cha 
appaaranca  of  cha  apin  glaaa  acaca  ac  low  temperatures  ia  dapandanc  on  cha  ralativa  aigna  of  cha 
axchanga  incaraceion,  cha  dataila  of  tha  phaaa  houadariaa  are  controlled  by  tha  relative  acrength 
of  cha  axchanga  incaracciona-  These  coneluaiona  are  borne  out  by  our  experimental  reaulca  on  the 
amorphous  metal-metalloid  ailoya  (FexSi,_x) -,G, ,,  (FeJCMn1_x)TSG.,  and  (Cox-'ta!_x)  7  4G,  s  where 
G- j  2pj  B,A1,.  The  magnetic  phaae  diagrams  for'the  three  alloy  systems  ware  obtained  from  cha  ac 
susceptibility  measurements  and  while  cha  slope  of  tha  apinglasa  paramagnetic  phase  boundary  in  cha 
vicinity  of  the  cricricical  point  is  nagaciva  for  the  Fe-Si  alloy,  it  ia  almost  aaro  for  tha  Fe-Tta 
alloy  and  ia  positive  for  the  Co  baaed  alloy. 


Introduction.  Spin  glass  behavior  has  boon  observed 
In  a  large  n unbar  of  systems  Including  dilute  al¬ 
loys.  where  magnetic  Impurities  are  distributed  at 
random  on  a  crystalline  lattice;  or  concentrated 
alloys,  which  are  composltlonally  and/or  topologi¬ 
cally  disordered  [1].  Both  metallic  and  Insulating 
solids  have  been  shown  to  exhibit  the  spin  glass 
state  and  It  Is  well  established  that  competing  ex¬ 
change  Interactions,  when  present  In  adequate  pro¬ 
portion.  are  the  essential  element  for  the  exist¬ 
ence  of  such  a  state. 

In  a  previous  paper  [2].  we  have  obtained  the 
magnetic  phase  diagram  for  a  bond  disordered  alloy 
In  which  ferromagnetic  and  antlferromagnetle  bonds 
are  randomly  distributed  on  a  lattice  with  a  prob¬ 
ability  distribution  P(J)  ■  xd(J-Jt)  ♦  (l-x)d(J-Jtl, 
where  Ji  >  0,  Jt  <  0  and  x  Is  the  concentration  of 
Ji  bonds  while  (1-x)  that  of  Jt  bonds.  For  such  a 
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distribution.  It  was  shown  [2]  that  below  a  criti¬ 
cal  concentration  x„  the  spin  glass  state  results 
with  a  transition  temperature,  T#f.  proportional  to 
[xjf  ♦  (l-x)ji]».  Thus  the  spin  glass-paramagnetic 
phase  boundary,  defined  by  dTt</dx,  exhibits  an 
Initial  slope  which  Is  positive,  zero  or  negative 
depending  on  whether  the  magnitude  of  J|  Is  greater 
than,  equal  to  or  less  than  the  magnitude  of  Jt. 

The  zero  slope  case  results  from  the  fact  that  for 
Ji  ■  |J*I.  T»g  Is  Independent  of  x.  The  situation 
Is  equivalent  to  the  case  of  syneetrlc  continuous 
distribution  of  J  (e.g.  Gaussian  distribution) 
which  also  leads  to  a  phase  boundary  with  zero 
slope  C3]. 

In  the  present  Investigation  we  analyze  the 
random  site  disordered  model  and  show  the  validity 
of  the  general  conclusions  regarding  the  pnase 
boundary  briefly  described  above  for  the  bond  case. 
Certain  modifications  that  result  for  the  site  case 
and  the  relevance  of  the  conclusions  to  our  experi¬ 
mental  data  on  amorphous  metal -metalloid  alloys  Is 
described  below. 


I 
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Model.  A  composition illy  disordered  random  magnet¬ 
ic  alloy  (Ax3i-xJcGi-e  is  considered  wner#  A  ane  l 
are  magnetic  species  while  S  represents  non-magnetic 
atom.  The  exchange  interaction  Jaa  1*  taken  to  he 
positive  so  that  the  pure  A  system  (x-l,  c«l)  is 
ferromagnetic  below  a  certain  critical  temperature 
Tc.  The  system  remains  ferromagnetic  with  reduced 
values  of  Te,  for  values  of  e  in  the  range  ct  <  c 
<  1  where  c«  Is  the  critical  concentration  for  the 
onset  of  ferromagnetism  in  the  alloy  AcGi-c.  For 
c  >  C|,  we  investigate  the  disappearance  of  ferro¬ 
magnetism  in  the  alloy  (AxBl_x)cS1.e  as  interactions 
J jyj  and  J3B  are  Introduced  where  at  least  one  of 
them  is  antiferromagnetic.  It  is  shown  that  for 
x  <  X|,  depending  on  the  temperature,  ferromagnet¬ 
ism  disappears  into  a  paramagnetic  or  a  spin  glass 
state.  Of  particular  Interest  In  the  present  study 
is  the  phase  boundary  between  these  two  states 
which  Is  found  to  be  determined  by  the  relative 
strength  of  Jai  and  0U  with  respect  to  Jaa-  I" 
particular  T«,  Is  found  to  Increase,  decrease  or 

stay  constant  with  decreasing  x  depending  on  the 
relative  strengths  of  the  exchange  constants.  The 

confirmation  of  these  trends  Is  found  In  our  exper¬ 
imental  results  on  amorphous  metal -metalloid  alloys 
with  c  •  0.75  and  A  ■  Ft  or  Co  while  8  •  N1  or  Mn, 
and  G.ai  -  P. ts8.isA1.es.  The  magnetic  phase  dia¬ 
grams  for  these  alloys  are  obtained  from  ac  sus¬ 
ceptibility  measurements  and  It  Is  found  that  In 
vicinity  of  the  trlcrltical  point,  Tf|  Increases 
with  decreasing  x  for  (CoxMnt-*).?i6.:i  while  It 
decreases  in  (Fe*N1,-*).7»G.*»  and  is  essentially 
constant  for  (Fo*Hni-z},,7s8.it. 

Analysis.  The  random  alloy  (Ax8i.x}cGi-c  1*  repre¬ 
sented  by  a  Heisenberg  Hamiltonian  which  Is  ana¬ 
lysed  within  the  Sethe-Peierls-tfeiss  approximation. 
The  details  of  the  methodology  have  been  previously 
described  for  amorphous  binary  alloys  [4],  spin 


glasses  witn  Saussian  distribution  bf  exchange 
interactions  [5]  ana  bona  iisoreered  ranoom  magnet 
[23.  ana  will  not  be  reseated  he-e.  It  is  suffi¬ 
cient  to  state  that  in  BPU  approximation,  ona  con¬ 
siders  a  cluster  of  a  central  stir  S(  and  its 
nearest  neighbors  5.  s  enoeoaec  *.r*  an  effective 
medium  defined  by  an  internal  fie’d  which 

acts  on  the  atoms  on  the  surface  of  the  cluster*.  H, 
being  the  externally  applied  field.  The  Hamiltonian 
is  then  written  as 

3C  ■  -£  i1«&Si*Sa  -  H«*S»  ~  Hj»)  $£  (1) 

a  x 

where  ■  J  Is  a  variable  which  for  our  random 

alloy  takes  on  values  according  ts  the  probability 
distribution 

P(J3  -  ♦  (l-x3sc* 

♦  2x(1-x)c*4(J-JAi}  -  (1-C*3«(0J.  (2) 

The  partition  function  Z  for  thm  above  Hamiltonian 
is  most  oasily  calculated  in  the  limit  of  large  z, 
where  it  can  be  obtained  in  a  fern  that  facilitates 
[2,  4]  taking  the  configurational  average  of  the 
free  energy  (l.e.  In  Z).  Taking  the  Edwards- 
Anderson  order  parameter  for  thm  spin  glass  state 
[6],  we  find  that  the  phase  boundaries  are  defined 
by  the  equations  C2], 

Z(J*>  ♦  2zQ<3)  +3-0  Serro-Para  (3) 
and 

<5*)  -  ^  (2z*Q*-3)  Parm-Spln  glass  (4) 

whore, 

3  -  •  aJ  and  Q  •  j|  z5*|  *.  (5) 

The  angular  brackets  in  Eqs.  (3)  and  (4)  represent 
tha  configurational  avorage  ove-  tho  probability 
distribution  [Eq.  (2)],  which  is  readily  aarformed 
to  obtain, 

•  ac^^Cx*  ♦  (l-x)*S  +  2x(l-x)a]  (6) 
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and 

(J2>  *  i2c2J*  [x1  +  (1-x)2?2  *  2xO-x)*s2 


l 


where  a  ■  Jab/^aa  and  i  ■  Osj/Dax-  These  aquations 
are  used  to  obtain  complete  ohase  diagrams  and  de¬ 
tails  of  the  calculation,  without  the  large  z  re¬ 
striction,  will  be  published  elsewhere  [7],  Here 
our  main  concern  is  the  soln  glass-paramagnetic 
phase  boundary  and  this  Is  obtained  by  substituting 
Eq.  (7)  In  £q.  (4)  to  obtain  (S-l ) 

i 

-  jg  ^  cl[x‘  ♦  2x(1-x)a*  ♦  (1-x)*8*].(8) 


Therefore  the  sign  of  dTag/dx  is  detenalned  by  the 
expression  [x  *  (l-2x)a2  -  (1-x)8*].  Thus,  in  the 
vicinity  of  the  trlcrltlctl  point  xt,  dT*g/dx|Xe  Is 
positive,  zero  or  negative  depending  on  whether 

181  >  ["  rro — 2 


(») 


Schematic  phase  diagram  based  on  above  considera¬ 
tions  Is  shown  in  Figure  1. 

Experiment.  All  the  alloys  In  the  three  system, 
Co-Mn,  Fe-Mn  and  Fa-Mi,  were  prepared  In  the  .form 
of  ribbons  by  the  melt  spinning  technique  on  the 


Phase  diagram  (schematically)  for  the  model  dis¬ 
cussed  In  the  text.  The  three  eara-spln  glass 
phase  boundaries  correspond  to  greater  than  (•••), 
equal  to  (-•-•-•)  and  less  than  (►•-•-Jslgns  in 
Eq.  (9). 


outer  surface  cf  a  rotating  ccocer-crcnre  :*sc  'i'. 
X-ray  tecnniques  were  used  to  ascertain  the  aror- 
phous  nature  of  the  alloys.  Low  field  ac-suscep- 
tlblllty  techniques  were  used  to  determine  the 
magnetic  ordering  temperatures  In  both  the  feme- 
magnetic  and  spin  glass  regimes  of  the  alloys. 

About  3  mm  lengths  were  cut  frem  ribbons  of 
amorphous  alloys  of  approximately  1.S5  rm*(25— 0) 
urn  cross-section  and  packed  to  form  a  cylinder 
embedded  In  candle  wax.  This  was  then  pecked  In 
the  coll  of  an  ae-suscepttbtltty  bridge  [9]  with 
the  longer  dimension  along  the  coll  exls.  The  ac- 
susceptlblltty  was  measured  In  a  field  of  hi  3  Ce 
(rms)  at  300  Hz.  A  check  at  several  frequencies 
between  100  Hz  end  1  Khz  showed  no  significant 
differences  In  the  data  obtained.  Data  taken  both 
on  warming  and  cooltng  the  sample  were  completely 
reproducible.  The  absolute  temperature  of  the 
sample.  In  good  thermal  contact  through  an  He  ex¬ 
change  gas  with  the  cool Ing /warming  chamber,  was 

determined  using  a  calibrated  plattnw  thermome¬ 
ter.  In  the  ferromagnetic  regime,  the  ac- suscepti¬ 
bility  es  a  function  of  temperature  exhibited  a 
sharp  rise  near  Tc,  and  achlved  a  constant  value, 
determined  by  tha  appropriate  dmnagnetlzatlon  fac¬ 
tor,  below  it.  The  tmnparature  corresponding  to  the 
‘kink-point’  was  then  taken  as  the  Curie  taraera- 
ttmm  Tj.  The  values  of  Tc  thus  obtained  agree  to 
within  s2K  with  those  determined  by  other  standard 
techniques  like,  for  example,  VSM  measurements.  At 
concentrations  corresponding  to  tho  spin  glass  re¬ 
gime,  a  sharp  characteristic  ac-susceptlbllity  cusp 
was  observed  for  all  the  alloys  and  the  spin  glass 
tmwerature,  Ttg,  was  thus  determined  to  better  than 
tlK. 

Results.  In  the  Fe-Wn  alloys.  Ft  and  Wn  possess 
comparable  moments  and  while  nearest  neighbor  Fe-?e 
pairs  are  ferromagnetlcally  coupled,  the  nearest 
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neighbor  Mn-%i  and  Fe-Mn  pairs  are  antlferromagnet- 
Ically  couoled.  Figure  2  depicts  the  observed 
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Figure  2 

Phase  diagrams  for  the  amorphous  alloy  series 
(Fex^n|.x)(a7fPt. 

transition  temperatures  as  a  function  of  the  alloy 
composition  for  the  amorphous  (Fad*u-*).M6.is 
series.  Ferromagnetism  prevails  for  x  >  0.6  and 
Increasing  concentration  of  Mn  Introduces  enough 
competition  among  exchange  Interactions  (frustra¬ 
tion)  to  lead  to  the  spin  gjass  phase.  It  has  been 
shown  that  the  magnetic  suscepttbll Ity  along  the 
spin  glass-parmmagnetic  phase  boundary  as  well  at 
the  ferromagnetic-paramagnetic  boundary  of  this 
series  of  alloys  satisfies  a  scaling  hypothesis 
appropriate  to  a  multlcrttlcal  point  e*»n  to  both 
boundaries  [10].  The  value  of  Tn  and  the  magni¬ 
tude  of  the  susceptibility  at  T„,  both  decrease 
with  decreasing  value  of  x  from  0.6  to  0.6.  The 
Initial  drop  In  Tt(  near  the  mnltlcrltleal  point  is 
however  very  slow  and  the  slope  of  the  paramagnetic- 
spin  glass  phase  boundary  Is  almost  taro  correspond¬ 
ing  to  the  apual Ity  sign  In  Eg.  (9). 

Figure  3  shows  the  concentration  dependence 
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Figure  3. 

Phase  dlaoram  for  the  amorphous  alloy  series 
(CozMni_z]i,rsP«.i«B«.i«Al«,i). 

of  the  transition  temperatures  (Te,  Tig)  for  the 
alloy  series  (CoxMnt-J.riG.u.  Again,  while  this 
alloy  Is  a  ferromagnet  for  x  >  0.75,  a  spin  glass 
type  behavior  Is  observed  for  x  <  0.6.  However, 

In  contrast  to  the  behavior  observed  In  the  case  of 
Fe-Mn  alloys,  Ttf  Increases  with  higher  concentra¬ 
tions  of  Mn  for  this  system;  a  behavior  predicted 
by  the  upper  sign  In  Ep.  (9).  In  addition.  It  Is 
found  that  the  maximum  value  of  the  susceptibility 
of  Tt>  decreases  rather  rapidly  with  further  addi¬ 
tion  of  Mn  In  this  alloy  system;  so  much  so  that  It 
was  not  possible  to  obtain  reliable  Ttg  values  for 
x  <  0.4  by  this  method.  It  Is  useful  to  point  out 
that  such  an  unusual  behavior  of  the  concentration 
dependence  of  T,g  has  also  been  reported  recently 
for  crystalline  Co- Mr  alloys  [11].  A  further  evi¬ 
dence  for  the  observed  slope  of  the  spin  glass- 
paramagnetic  boundary  is  obtained  from  the  ac- 
suseeptlblllty  data  for  alloy  compositions  close  to 
the  multlcrltlcal  point.  For  example.  It  Is  found 
that  for  x  ■  0.7  alloy  the  ac-susceptlblllty  ex¬ 
hibits  a  sharp  characteristic  klnx-polnt  correspond- 


:ng  to  the  ferr.'-i---,«t1c  transition,  Tc  «  11CK, 
which  is  then  fo'lcwed  Sy  a  snaro  croo  In  vlc 
characteristic  of  a  spin  glass  pnase  at  a  lower  tem¬ 
perature  T„  %  60K.  Further  details  of  these  will 
be  published  elsewrare  [12] .  These  lower  transi¬ 
tions  observed  #er  zlloy  concentrations  close  to 
the  multlcrltlcal  point  extrapolates  well  to  the 
spin  glass  line  as  shown  In  Figure  3. 

While  the  two  amorphous  alloy  series  des¬ 
cribed  above  belong  to  the  concentrated  spin  glass 
systems,  the  series  {FesN1i_s).?s8.*<  belongs  to  a 
dilute  spin  glass  sytam.  For  the  particular  com- 
position  of  the  glass  former  chosen,  N1  has  essen¬ 
tially  zero  moment  and  simply  acts  as  a  diluent, 
ihe  behavior  In  the  spin  glass  region  Is  Indeed 
found  to  be  similar  to  the  dilute  crystalline  Au- 
Fe  series  [13].  As  shown  In  Figure  4,  the  spin 
glass  state  sets  In  only  for  x  «  0.18  and  corre¬ 
sponding  to  the  lower  sign  In  Eg.  (9),  the  value  of 
Taf  decreases  with  decreasing  x. 


a 


figure  4 

Phase  diagram  for  the  amorphous  alloy  series 
(Fo*JI1  t'.gJt.riPa.ieSt.isAls.tt- 
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APPENDIX  2 


Hyperfine  field  distributions  in  ferromagnetic  amorphous 
FexB,_x  thin  films{>) 

N.  A.  Blum,  K.  Moorjani,  T.  O.  Poehler,  and  F.  G.  Satkiewicz 

The  Johns  Hopkins  University,  Applied  Physics  Laboratory,  Laurel,  Maryland  20810 

Sputtered  films  of  amorphous  Fe,B,.t  (0.40  £0.50)  were  studied  by  Mflssfaeuer  spectroscopy.  The  films 

were  characterized  for  composition  and  homogeneity  by  secondary-ion  man  spectrometry  (SIMS)  and  for 
lack  of  crystallinity  by  X-ray  diffraction.  Below  the  magnetic  ordering  temperature  T„  the  hyperfine  spectra 
consist  of  a  large  amplitude  quadrupoie  doublet  superimposed  on  a  brand  magnetic  hyperfine  field 
distribution.  The  spectra  of  these  alloys  are  remarkably  different  from  that  of  polycrystalline  FeB  and  from 
those  of  liquid-quenched  alloys  which  are  restricted  to  compositions  near  the  eutectic  at  xsO.8.  Comparison 
with  the  polycrystalline  FeB  spectrum  clearly  shows  that  for  a  significant  Auction  of  the  Fe  atoms  in  the 
amorphous  alloys,  the  local  environment  is  substantially  different  from  the  Fe  environment  in  FeB. 


PACS  numbers:  76.80.  +  y,  75.50.Kj,  7S.50.Bb.  7S.70.Dp 


introduction 

Liquid-quenched  Fex  Bj_x  (.72  ,<«  ^  ,86)  alloys 
can  be  prepared  In  an  anorphoua  fora  which  Is  stable  at 
tenperaturea  below  about  400*C.  These  alloys  are  fer- 
roaegnetlc  with  magnetic  ordering  tenperaturea  Tc 
Increasing  from  279 *C  to  487*C  with  decreasing  Fa  coo- 
cgntratlon  (1).  At  tenperaturea  well  below  Te  the 
Mossbauer  spectra  are  all  similar  to  that  of  Fe  ggB  20 
and  exhibit  a  well  defined,  though  broadened,  six-line 
nagnetlc  hyperfine  structure  which  can  be  understood  as 
arising  fron  a  distribution  of  hyperfine  fields  F(H) 
due  to  the  nultltude  of  lnequlvalant  Fe  sites  (2-4). 
Aasunlng  a  continuous  distribution  for  F(B),  It  has 
been  shown  that  for  all  of  the  above  nentlonad  alloys 
P(H)  nay  be  described  as  a  nearly  syenetrlc. snooth  peak 
of  half-width  about  lOOkOe,  centered  between  about  270 
and  310  kOe  for  x  between  .72  and  .86  (1).  In  all  cases 
there  Is  no  evidence  that,  below  Te,  any  appreciable 
fraction  of  the  Fe  atone  experiences  a  nagnetlc  hyper- 
fine  field  of  aero.  Similar  raaulta  were  obtained  for 
anorphoua  Fa  _  jqB  20  by  aasunlng  a  discrete  distribution 
P(Hl),  where* five  values  of  Hi  were  used,  corresponding 
to  the  five  noet  probable  Fe  eear-nalghbor  configura¬ 
tions  derived  fron  the  Bernal  nodal  of  dense  randan 
packing  (3X  „ 

Ha  have  carried  out  Mosabauer  aaasurewents  on 
sputterad  f line  of  asmrphoue  Fa,  B.  In  the  concen¬ 
tration  range  0.40  (i(  0.50,  quite  different  fron 
the  range  usually  available  In  liquid -quench  ad  alloys. 
Our  Investigation  shows  that  even  below  Te,  a  substan¬ 
tial  fraction  of  the  Fe  atone  experiences  a  vary 
snail,  or  taro  nagnetlc  hyperfine  field.  Furthermore, 
the  values  of  electric  quadrupoie  splitting  for  theee 
alloys  are  foimd  to  be  significantliy  different  fron 
that  of  the  laternetalllc  crystalline  compound  FeB. 
These  results  Indicate  that  tba  local  surroundings  of 
sons  of  eha  Fa  sites  la  these  anorphoua  alloys  are 
different  fron  the  surroundings  of  Fe  sites  la  the 
corresponding  crystalline  compound;  conclusion  la  In 
contrast  to  the  reported  behavior  for  x  -  0.75  (51 

SAMPLE  PREPARATION  AMD  EXPERIMENTAL  PROCEDURES 

Films  approximately  2  to  4  in  thick  were 
sputtered  in  an  argon  atmosphere  onto  both  beryllium 
foil  and  >Mn  glass  discs  attached  to  a  water-cooled 
heat  sink  maintained  near  room  temperature.  The 
source  consisted  of  a  nechanlcal  mixture  of  FeB  and 
boron  powders  contained  In  a  shallow  dish  target 
holder  fabricated  entirely  fron  toft  iron.  The  compo- 
sltlon  of  the  source  nix  was  varied  from  32  to  40  at. 


Z  Fa  to  produce  films  with  somewhat  higher  Fe  con¬ 
centrations  than  the  conpoaltion  of  the  starting  mix. 
This  la  because  of  the  unavoidable  sputtering  from 
the  iron  source  holder  as  well  as  because  there  Is  a 
higher  sputtering  yield  for  Fe  than  for  B.  The  films 
on  glass  were  used  for  X-ray  and  SIMS  analysis,  while 
those  on  beryllium  were  generally  used  as  MBssbauer 
absorbers.  Low  angle  X-ray  diffraction  failed  to 
show  any  structure  In  the  films. 

Secondary-Ion  mass  spectrometry  (SIMS)  using  a 
sputter  loo  source  was  used  to  analyse  and  determine 
the  composition  of  the  films.  The  Instrument  employed 
was  a  GCA  IMS  101B  (6).  A  defocuaed  primary  beam  of 
lOkaV  At*  was  used  to  sputter  the  samples.  Both  poly¬ 
atomic  and  atomic  spectra  were  taken  as  sputter  con¬ 
tinued.  From  these  spectra  and  those  of  bulk  FeB  com¬ 
pounds  of  known  conpoaltion. Information  on  film  compo¬ 
sition,  homogeneity,  and  bonding  state  was  obtained. 

It  was  found  that  the  relative  Ion  yield  of  boron  and 
Iron  depends  on  the  oxygen  content  of  the  films.  Uhen 
sputtering  was  done  in  a  partial  pressure  of  oxygen 
(10~5  Tone),  theee  differences  were  found  to  be 
removed;  accordingly,  compositions  were  determined  In 
oxygen.  The  results  of  SIMS  analyses  were  used  to 
point  the  way  to  refinements  In  film  preparation  which 
resulted  In  suitable  films  for  MBssbauer  studies.  The 
films  were  found  to  be  composltlonally  homogeneous  to 
within  1  to  2Z  and  total  laqnirlty  levels  (except  for 
oxygen)  were  below  0.5Z.  Analysis  of  some  of  the  Be 
substrate  sanples  which  were  used  for  the  MBssbauer 
studies  indicates  that  there  Is  a  small  variation  In 
composition  (+  1  to  2Z)  between  various  samples 
sputtered  at  The  sane  time.  Neither  of  the  common 
Iron  oxides  (Fe2(>3  or  FejO^)  was  observed  in  any  of 
the  MBasbayer  spectra. 

The  "Ft  MBssbauer  spectra  were  obtained  using  a 
5'Co  In  Rh  source  at  the  same  temperature  ae  the 
absorber,  except  in  the  10K  experiments  where  the 
source  was  at  room  temperature.  In  most  experiments 
2  or  3  beryllium  disc  absorbers  were  stacked  to  give  a 
total  film  thickness  of  5  to  10  urn.  The  slight  dif¬ 
ferences  In  composition  between  the  discs  contributed 
a  negligible  amount  of  line  broadening.  The  velocity 
spectrometer  consists  of  a  constant  acceleration  elec¬ 
tromechanical  transducer  of  conventional  design 
together  with  a  multichannel  analyser  operated  in  the 
normalised  node  for  collecting  and  storing  the  data. 
Where  the  spectra  are  well  resolved,  they  were  analysed 
by  a  least-squares  fitting  program  to  a  aum  of 
Lorentslan  shaped  lines  -  generally  for  absorbers  above 
Te,  or  where  only  non-nagnetlc  spectra  were  observed. 
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The  broadened  magnetic  spectre  were  analyzed  using  a 
version  of  Window's  procedure  for  fitting  •  continuous 
distribution  of  nagnetic  hyper fine  fields  to  a  trun¬ 
cated  cosine  series  expansion  of  P(H)  (7).  The  instru¬ 
mental  (observed)  line  width  (for  the  inner  lines  of  a 
thin  Iron  foil  absorber)  was  less  than  0.3  tsi/aac . 

RESULTS  AHD  DISCUSSION 

Mdssbauer  spectra  of  samples  A,  B,  and  C  at  3001, 
77K,  and  101  are  shepn  in  Figure  1  (also  C  at  200K  Is 
shown) .  A  qualitative  evaluation  of  the  spectra  shows 
that  at room  temperature  the  low  Fe  concent  sasples  (A 
and  B)  have  a  negligibly  small  (or  zero)  nagnetic 
hyper fine  structure.  The  asyaaetrlcal ,  broadened, 
quadrupole  split  doublet  la  typical  of  disordered  non¬ 
magnetic  systems  In  which  the  asystry  la  generally 
thought  to  be  due  to  a  correlation  between  the  isomer 
shift  and  the  quadrupole  splitting  (8).  The  line  widths 
(FWHM)  of  the  quadrupole  doublet  components  in  Fig. 1(a) 
and  (d)  are  0.303  +  .002  sax/ sac;  this  is  nearly  double 
the  line  width  that’  would  be  expected  from  a  single 
site  absorption  line  and  Indicates  a  distribution  of 
quadrupole  Interactions  and  Isomer  shifts  which  Is 
nevertheless  narrow  In  comparison  with  the  average 
quadrupole  splitting.  Some  of  tbs  quadrupole  split¬ 
ting  may  be  caused  by  strain  In  the  films  due  to  dif¬ 
ferences  In  expansion  between  the  film  sad  substrste. 
The  room  temperature  values  of  iscawr  shift  5  and 
quadrupole  splitting  AEq  along  with  those  for  crystal¬ 
line  FaB  are  shown  In  Table  1.  For  sample  C,  the  value 
of  AEq  la  derived  from  the  splitting  of  the  inner  pair 
of  lines  without  regard  for  the  underlying  nagnetic 
hyperflne  structure  (hfs). 

Relative  to  the  room  temperature  Isomer  shift  for 
o-Fe,  che  values  for  quenched  alloys  (.72  4  x  4  .86) 
are  positive  and  Increase  almost  linearly  with  iacre- 
aing  boron  content  (1).  This  Implies  an  Increasing 
transfer  of  electrons  from  boron  to  the  d-band  of  the 
alloy  with  Increasing  boron  content  (11).  Though  the 
values  of  6  for  our  samples  (0.40  4  x  4  0.50)  are 
experimentally  Indistinguishable  from  one  another,  the 
aversge  value,  8  *  0.22  a/sec,  for  the  three  alloys 
follows  the  above  trend  and  thus  Indicates  that  the 
cherge  transfer  per  boron  atom  In  -  the  sputtered  alleys 
occurs  st  about  the  same  rate  aa  la  the  quenched 
alleys. 

Figure  1  shows  chat  at  7 71  the  sample  A  (x  *  .40) 
spectrun  Is  unchanged  from  that  at  3001,  except  for  a 
small  Increase  la  AEq;  the  line  widths  are  the  same 
at  both  temperatures,  and  there  Is  no  evidence  of 
magnetic  ordering.  At  101  there  la  some  broadening 
of  the  quadrupole  components,  but  there  la  no  indica¬ 
tion  of  a  hyperflne  field  greater  than  40  kOe.  The 
area  under  che  split  pair  of  quadrupole  absorption 
lines,  however.  Is  less  at  101  than  at  771;  this 
could  be  due  to  a  weak,  very  broad  nagnetic  absorp¬ 
tion  spectrun  which  la  burled  In  the  counting  sta¬ 
tistics,  or  It  may  be  aa  artifact  of  the  lmr  temper¬ 
ature  experimental  arrangement .  The  spectra  of 
samples  B  (x  -  .43)  and  C  (x  •  .50)  show  that  an 
Increasingly  large  fraction  of  the  Fe  sites  becomes 
magnetically  ordered  as  che  temperature  Is  lowered. 

At  a  fixed  temperature  below  Tc,  the  fraction  of 
negnatlcally  ordered  atone  Increases  as  the  Fe 
content  Is  Increased. 

All  the  spectra  have  a  distinct  doublet  near 
zero  velocity,  slnilar  to  che  well  resolved  quadru¬ 
pole  doublet  in  Figure  1(a)  where  there  is  no  evi¬ 
dence  of  a  nagnetic  hfs.  Curiously,  the  asymmetry 
of  the  doublet.  In  which  the  higher  energy  coapousnt 
(positive  velocity)  Is  nore  Intense  for  the  spectra 
without  nagnetic  hfs,  reverses  In  the  presence  of  a 
large  nagnetic  hfs.  The  presence  of  a  largo  nagneelc 
hfs,  In  which  the  quadrupole  Interaction  can  be 
treated  as  a  perturbation,  has  the  effect  of  averag¬ 
ing  the  angle  8  between  the  IFG  principal  axis  and 
the  internal  negnaclc  field  direction,  since  the 
former  direction  la  random  la  a  disordered  alloy, 
while  the  Utter  Is  correUted  among  atone  In  a  fer¬ 


romagnetic  domain  (9).  Below  Te,  therefore,  che  mag¬ 
netic  hyperflne  lines  are  broadened,  but  not  shifted 
or  made  assymetrlc  by  the  quadrupole  Interaction.  It 
appears  that  the  correUtion  between  <5  and  AEq  which 
exists  above  Te  is  dlffarenc  below  Te.  This  la  readily 
understandable  in  principle,  since  AEq  and  6  for  a 
given  Ft  atom  arc  both  functions  of  the  near-neighbor 
configuration  ‘surrounding  that  atom,  and  the  near- 
neighbor  configuration  la  also  responsible  for  Its 
nagnetic  state. 

All  che  spectra  were  analyzed  la  terms  of  an 
effective  distribution  of  hyperflne  fields  P(H) ,  as 
described  earlier  (7).  The  Important  features  for  the 
present  discussion  are  that  the  quadrupole  doublet  Is 
always  fitted  by  an  equivalent  F(R)  distribution  sharply 
peaked  around  40  kOe  with  a  FWHM  of  about  40  fcOe.  At 
higher  hyperflne  fields  a  P(H)  representing  negnetic 
atoms  la  observed  which  Is  peaked  at  values  chat  are 
concentration  and  temperature  dependent.  There  are  a 
number  of  different  ways  of  generating  P(H)  distribu¬ 
tions  from  HSssbauer  spectra,  and  the  distributions 
described  above  are  not  aeent  to  indicate  more  tnan  the 
coarse  features  listed  In  Table  II  (10).  The  ratio  of 
non -nagnetic  (H  <  40  kOe)  to  magnetic  (H  >  40  kOe) 
atoms  Is  given  by  the  area  under  the  first  peak  (low  H) 
la  Che  P(H)  distribution  divided  by  the  total  positive 
area  under  P(8). 

The  Fe  atone  In  crystalline  FeB  have  a  unique 
environment  with  a  saturation  magnetic  hyperflne  field 
of  131  kOe;  It  Is  difficult  to  explain  the  observed 
distribution  of  magnetic  hyperflne  fields  la  the  amor¬ 
phous  Fe  _  50  B  jo  alloy  without  aasimiing  that  a  large 
number  of  Fe  atom  environments  are  very  different  from 
the  ones  In  crystalline  feB.  The  large  difference  in 
the  values  of  electric  quadrupole  splitting  (Table  I) 
also  points  to  the  same  conclusion,  which  is  In  con¬ 
trast  to  the  Interpretation  of  results  on  liquid- 
quenched  amorphous  Fe _ 75  8.25>  where  the  local  chem¬ 
ical  order  la  believed  to  be  the  same  as  that  in 
crystalline  Fe3B  (5).  These  results  suggest  a  struc¬ 
tural  model  for  the  amorphous  Fe^j  Bjc  alloy  In 
which  about  702  of  the  Fe  atoms  reside  in  regions 
having  a  local  chemical  order  similar  to  crystalline 
FeB,  with  deviations  around  the  crystalline  bond 
lengths  and  angles.  The  remaining  Fe  sites  nay  lie 
on  the  surfaces  of  these  regions  and  thus,  have  local 
surroundings  substantially  different  from  crystalline. 
Such  sitae  are  either  paramagnetic,  noa-magnetlr,or 
possibly  a  combination  of  the  two;  chair  number  in¬ 
creases  as  Fa  content  of  the  samples  decreases 
(Table  II). 
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Table  I.  Isomer  shifts  (&)  and  quadrupole  splitting 
(AX.)  for  samples  A,  B,  C  and  crystalline  FeB  at  room 
temperature  (except  FeB  AE.,  see  text).  Isomer  shifts 
are  relative  to  a-Fs  at  3001. 


Saapla 

4  (f?c> 

AX  (am/sec) 

9 

A  "  *.40  *.60 

♦  0.222  ±  .01  1 

0.600  ♦  .01 

»  '  *45  >55 

♦  0.207  *  .01  | 

0.373  ♦  .01 

C  “  *.50  >.50 

1  ♦  0.225  ♦  .01 

1  “ 

0.639  ♦  .04 

Crystalline  FeB 

|  ♦  .260 

!  0.217  ♦  .00$ 

,  (at  6001) 
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Table  11.  Fraction  of  Fa  atoms  having  hyparflne 
fields  H  <  40  kOe,  f (0) ;  and  Hpe.]t  of  the  first 
pronlnent  paak  above  the  peak  associated  with  the 
H  *  0  quadrupole  distribution.  Values  are  obtained 
froa  the  P(H)  dlatrlbutlons  for  saoples  A,  B  and  C 
at  the  Indicated  temperatures. 


Sample 

T(K) 

f(0) 

H  (kOe) 

peak 

300 

■m 

- 

A  '  P«.40 

*.60 

77 

10 

300 

- 

B  '  F*.45 

8  55 

77 

106. 

10 

■iW/il 

129. 

300 

116. 

200 

127. 

C  '  Fe.50 

8.50 

77 

131. 

10 

0.30 

134. 

Crystalline  FeB 

300 

118. 

0 

131. 
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Fig.  1  Mosebauer  spectra  of  Fa*  Bi  amorphous  sputtered 
film  for  X  -  0.40,  0.46,  and  0.60  at  various  temp¬ 
eratures  from  10  K  to  300  K.  Velocity  seals  is 
relative  to  ”Co  in  Rh  at  the  same  temperature  as 
the  ataorbar,  except  at  10  K  where  the  source  Is  at 
room  temperature. 
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APPENDIX  3 


Mossbauer  investigation  of  sputtered  ferromagnetic 
amorphous  FexB100_x  films*’ 

N.  A.  Blum,  K.  Moorjani,  T.  0.  Poehler,  and  F.  G.  Satkiewicz 
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Iron  boride  amorphous  films  were  prepared  by  rf  sputtering  of  polycrystalline  FeB  and  Fe:B  powders.  The 
films  wen  analyzed  for  purity,  uniformity,  and  composition  by  secondary  ion  mass  spectrometry  and  wen 
analyzed  for  lack  of  long  range  order  by  x-ray  diffraction.  As  in  the  melt  quenched  alloys,  Mossbauer  spectra 
revealed  a  broad  and  nearly  symmetric  distribution  of  hyperfine  fields  in  samples  with  a  composition  near  a- 
Fe,B.  The  hyperfine  field  distribution  in  samples  with  a  composition  near  a-FeB,  however,  is  asymmetric,  and 
more  significantly,  reveals  a  large  number  of  Fe  sites  with  zero  magnetic  hyperfine  field  at  temperatures  down 
to  10  K.  Analysis  of  the  data  throws  light  on  the  chemical  short  range  order  in  the  alloys. 


PACS  numbers:  75.50.Kj,  76.80.  +  y,  75.50.Bb 


INTRODUCTION 

Earlier  findings  chat  amorphous  alloys  may  retain 
the  chemical  short  range  order  of  corresponding  crys¬ 
tals  (1) ,  have  been  abundantly  confirmed  by  a  variety  of 
techniques  (2).  In  this  paper  we  investigate  chemical 
short  range  order  In  a-FexB,oa_x  around  concentration 
ranges  of  the  stoichiometric  compounds  FeB,  Fez>»  and 
FesB.  Earlier  studies  (3,4)  In  the  concentration  range 
72  <_  x  <_  86  of  the  melt  quenched  alloys  have  ahovn  that 
the  chemical  short  range  order  for  *  «  75  la  similar  to 
that  In  crystalline  FesB  (4),  and  that  the  ferromagne¬ 
tic  Curie  temperature  Tc  of  the  alloys  lneraaaes  from 
approximately  3S0  K  to  760  K  as  the  Iron  concentration 
la  decreased  from  86  to  72  percent  (3).  Since  the  values 
of  Tc  for  the  compounds  FeB  and  FezB  are  approximately 
600  K  and  1000  K,  respectively  (S,6),  it  la  expected 
that  the  above  trend  would  be  reversed  for  some  concen¬ 
tration  In  the  range  50  <_  x  <_  72. 

RESULTS 

Thin  film  samples  were  prepared  by  rf  sputtering  of 
FeB  and  FezB  powders  In  an  argon  atmosphere  onto  thin 
(230  urn)  beryllium  foil  discs.  Z  ray  diffraction  was 
used  to  ascertain  the  amorphous  nature  of  the  samples, 
and  secondary  ion  mass  spectrometry  (SIMS)  was  used  to 
determine  the  composition  and  homogeneity  of  the  films. 

Mossbauer  spectra  were  obtained  using  a  57Co  in  Rh 
source  at  the  same  temperature  as  the  absorber,  except 
In  the  10  K  experiments  where  the  source  was  at  room 
temperature.  Tabulated  Isomer  shifts  were  calculated 
with  respect  to  Iron  at  300  X.  The  broadened  magnetic 
spectra  were  analysed  using  a  version  of  Window's  pro¬ 
cedure  (7)  for  fitting  a  continuous  distribution  of  mag¬ 
netic  hyperfine  fields  to  a  truncated  cosine  aeries  ex¬ 
pansion  of  P(H). 

The  room  temperature  spectrum  of  a-FeziBzs  Is  com¬ 
pered  with  the  spectrum  of  FezB  powder  In  Fig.  1.  The 
spectra  are  similar  except  for  three  prominent  features 
which  characterise  nearly  all  the  ferromagnetic  amor¬ 
phous  film  spectra:  (e)  the  six  spectral  lines  are 
greatly  broadened  in  the  amorphous  alloy;  (b)  the  dm  * 

0  line  Intensities  (lines  2  and  5)  era  quits  different 
In  the  amorphous  film  compared  with  the  crystalline 
powder;  and  (c)  the  amorphous  film  spectrum  is  notice¬ 
ably  asywetrlc.  The  broadened  lines  reflect  the  dis¬ 
tribution  of  hyperfine  fields,  and  the  line  Intensity 
ratios  Indicate  that  the  iron  magnetic  moments  In  the 
amorphous  alloy  lie  close  to  the  plana  of  the  substrate. 
In  the  randomly  oriented  powder  the  line  Intensities  are 
close  to  the  theoretical  ratio,  3:2:1.  In  the  amorphous 
alley  the  Intensity  ratios  are  not  lMed lately  evident 


by  Inspection  because  of  the  distribution  of  hyperfine 
fields;  however,  analysla  Indicates  that  the  ratio  Is 
close  to  3:3. 5:1;  this  places  the  average  magnetization 
direction  at  room  temperature  about  15*  out  of  the  plane 
of  the  film.  The  asymmetry  In  the  spectrum  reflects  the 
anisotropy  of  the  hyperfine  fields  and  perhaps  a  corre¬ 
lation  between  the  Isomer  shift  and/or  the  quadrupole 
splitting  and  the  magnetic  hyperfine  field  components. 


Fa,B  (POWDER) 


Fig.  1.  (a)  Spectrum  of  FezB  polycrystalline  powder 

compared  with  (b)  spectrum  of  a-Fe?:B2»  sput¬ 
tered  film,  both  at  room  temperature. 


The  spectra  at  77  K  and  10  K  are  similar  to  the 
room  temperature  spectrum,  as  are  the  F(H)  distributions 
which  are  centered  at  a  value  near  the  FezB  hyperfine 
field,  and  ara  rather  lymaatrlcally  distributed  about 
that  value.  This  differs  from  results  on  a-FeB,  and 
points  towards  the  existence  of  a  similar  chemical  short 
range  order  In  both  the  crystalline  sample  and  In  amor¬ 
phous  samples  with  a  composition  In  the  vicinity  of 
FezB. 
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RELATIVE  COUNTING  HATE 


F«S  (POWDf  N) 


1.00 

0.00 

0.00 


1 


T  -  2SSK 


>.  .•  >  4» 

-  •  •  . 


W*K| 


•-Niilti 


Fir,.  2.  Spectra  of  a-F«jiB*,  sputtered  film  at  various 
temperatures  compared  with  FaB  polycrystalllne 
powder  at  room  temperature. 


Amorphous  film  oowplao  is  a  range  arouod  x  •  50 
warm  prepared  by  sputter ini  Fel  sad  mecbeeical  mixtures 
of  FeB  pine  B.  Uniform  fllme  were  produced  with  compo 
eitione  between  Fe»«Bti  end  FesiB»«,  as  measured  by 
SIMS.  Figure  2  shewa  spectra  of  FeuBst  at  warloua  tem¬ 
peratures  compered  with  the  speetnmi  of  cryotolliue 
powder  FeB  at  room  temperature.  Unlike  FajB,  the  Mor¬ 
pheus  sample  spectrum  la  distinctly  different  from  its 
crystalline  counterpart.  The  F(l)  fit  shows  a  strong 
low  field  component  plus  a  low  Mplltude  distribution 
centered  around  100  kOe.  As  the  ta^erature  is  reduced 
(Fig.  2)  the  spectra  show  a  broadly  distributed  nognetlc 
field  component  (-  100  kOe)  increasing  in  both  Intensity 
and  width.  The  lower  peak  la  the  spectrum.  Indicative 
of  a  low  or  zaro  field  contribution,  is  present  down  to 
10  K.  The  F(R)  distributions  show  that  the  area  under 
the  higher  field  distribution  becomes  larger  with  de¬ 
creasing  temperature  and  that  tha  peak  of  this  distri¬ 
bution  neves  towards  a  higher  magnetic  field.  At  all 
temperatures  there  is  a  significant  lew  field  peak,  en¬ 
compassing  the  region  eppronlmately  0  to  60  kOe.  All 
samples  with  less  chat  about  SO  percMt  iron  have  a 
distinct  (partially  resolved)  quadrupole  doublet  near 
sere  velocity  (».  Tha  quedrupole  doublet  persists  be¬ 


low  Te  in  all  samples,  even  down  te  10  K.  The  quadru- 
pols  doublet  (above  Te)  can  be  fit  by  an  equivalent 
P(B)  distribution  peaked  about  40  kOe  with  a  F UBt  of 
about  40  kOe.  This  is  an  artifact  of  the  fitting  pro¬ 
cedure  in  which  the  quadrupole  doublet  is  interpreted 
as  a  distribution  of  six  overlapping,  magnatlcally 
split  lines.  Tha  ratio  of -nonmagnetic  (B  <  60  kOe)  to 
magnetic  (H  >  60  kOe)  atoms  may  be  obtained  from  the 
F(B)  distributions.  The  fraction  of  nonmagnetic  atoms 
at  10  K  1a  approximately  30Z  and  Increases  with  tsm- 
perature  (8). 

la  Table  I  we  list  the  isomer  shifts,  quadrupole 
splittings  (nsasurad  above  Te),  and  the  magnetic  order-, 
lng  temperatures  (Tc)  for  the  a-FeB  serial  of  samples, 
together  with  relevant  parameter  values  of  a-FezB 
samples  and  their  crystalline  counterparts.  There  is 
a  significant  isomer  shift  between  a-FeB  and  a-FezB 
(64  -  0.10  am/ sec),  showing  that  electrons  are  trans¬ 
ferred  to  the  d-band  of  the  alloy  with  increasing 
boron  concentration  (9).  The  small  differences  in  £ 
among  the  several  a-FeB  (40  «,  x  <,  51)  end  a-FezB 
(71  £  i  <  80)  seaples  are  withln~the  experimental  er¬ 
rors-^  the  measurements  (.  .02  m/soc).  One  might 
expect  some  structural  differences  between  melt- 
quenched  and  sputtered  alloys;  however,  the  accuracy 
of  the  present  date  is  inadequate  to  support  or  reject 
this  view. 

Table  I.  Isomer  shifts  (6)  and  quadrupole  splittings 
(AEq)  at  room  temperature  (except  as  noted),  end  values 
of  magnetic  transition  temperature  (Tc)  for  several 
sputtered  amorphous  films,  molt  quenched  (m.q.)  ribbons 
and  stoichiometric  crystalline  compounds.  The  sputtered 
amorphous  film  values  are  from  this  paper;  the  others  are 
from  the  references. 


Sample 

6  (m/  sec) 

AEq  (mm/eec) 

Te  (K) 

e-Fe»iB«« 

(sputtered) 

*0.22 

0.60 

<  10 

o-FevsBss 

(sputtered) 

*0.21 

0.58 

.  100 

1 

e-Fet«B$i 

(sputtered) 

*0.23 

0.64 

>  350 

o-FeiiBk* 

(sputtered) 

*0.22 

0.54 

(at  150K) 

375 

cryst.  FeB 
(Bef.S) 

*0.26 

0.22 

(at  600K) 

600 

e-Fez i B*« 
(sputtered) 

*0.12 

- 

>  750 

•-FtMlll 
(le^o |lcf o  3) 

*0.09 

- 

685 

e-FetiBt( 

(m.q.,Bef.3) 

*0.07 

1 

- 

760 

cryst.  FeiB 
(Bef.S) 

*0.12 

- 

1015 

cryst.  Fe»B 
(Bef.3) 

*0.05 

to 

*0.14 

-  820 

At  temperatures  above  room  temperature  the  quad¬ 
rupole  doublet  (unresolved  in  Fig.  2)  becomes  partial¬ 
ly  rasolved.  Assuming  that  the  entire  spectna  is 
composed  of  two  lines  (a  quadrupole  doublet),  a  plot 
of  the  average  line  width  of  the  two  lines  as  a  func¬ 
tion  of  temperature  indicates  the  temperature  at  which 
the  broadening  due  to  the  magnetic  background  disap¬ 
pears;  this  gives  a  value  Te  •  375  K  for  a-FetiBo. 

As  expected,  the  trend  towards  higher  Te  with  decreas¬ 
ing  Fa  content  (3)  reverses  somewhere  between  51  and 
71  percent  Fe. 
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CONCLUSIONS 
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In  order  to  explain  tha  observed  distribution  of 
■agnatic  hyparflna  flalda  In  tha  aaorphous  FaB  alloys, 
ona  aust  conduda  that  a  larga  n unbar  of  Fa  atoa  envi- 
ronaants  ara  vary  dlffarant  froa  tha  onas  In  cryatal- 
llna  FaB.  Our  rasults  suggast  a  structural  nodal  for 
aaorphous  FaB  alloys  in  which  up  to  70  parcant  of  tha 
Fa  atoas  raslda  on  sltas  having  local  chaalcal  ordar 
slallar  to  tha  crystalllna  stata,  with  davlatlons 
around  tha  crystalllna  bond  langths  and  anglas.  Tha 
raaalnlng  30  parcant  (nonaagnatic)  Fa  sltas  aay  11a  In 
local  surroundings  substantially  dlffarant  froa  tha 
crystalllna  onas.  Such  sltas  ara  althar  paraaagnatlc , 
nonaagnatic,  or  possibly  a  coablnation  of  tha  two;  thalr 
nuabar  lncraaaas  as  tha  Fa  contant  dacraasas.  In  con¬ 
trast  to  tha  rasults  for  a-FaB,  a-FajB  appaars  to  hava 
chaalcal  ordaring  slallar  to  tha  crystalllna  stata. 
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We  report  FMR  measurements  on  amorphous  Fe  B  thin  film*  with 
x-0.47,0.49  and  0.S3.  At  low  T  we  obaervexafionalies  characteristic 
of  the  FM-SG  transition.  In  addition,  in  the  0.47  and  0.49  alloys 
the  resonance  field,  below  ''-80K,  depends  upon  the  rate  of  cooling.  We 
suggest  that  this  behavior  is  symptomatic  of  non-ergodlcity  In  the 
spin  glass  state. 


Introduction 

Crystalline  and  amorphous  alloys  of  the 
type  where  M  denotes  one  or  more 

magnetic  moment  carrying  transition  metal 
atoms,  and  G  represents  glass  formers  or  noble 
metals,  have  been  intensively  Investigated 
recently.1  Several2-6  Independent  studies 
have  established  the  re-entrant  magnetic 
behavior  of  these  alloys  at  values  of  x 
slightly  larger  than  that  required  for  the 
onaet  of  ferromagnetism.  That  is,  when  the 
temperature  Is  lowered,  the  alloys  first 
exhibit  the  usual  paramagnetic-ferromagnetic 
transition  at  a  Curie  temperature  Tf.  However, 

on  further  lowering  of  the  temperature  a  transi¬ 
tion  to  the  spin  glsss  stste.  In  which  the  spins 
freeze  in  random  directions  with  no  net  long 
range  magnetic  order,  is  observed  at  a  well 
defined  temperature  Tj . 

Systematic  ferromagnetic  resonance  (FMR) 
measurements  on  amorphous  re-entrant  alloys 
reveal  several  characteristic  features:7  a)  At 
low  temperatures  the  llnevidths  (T)  Increase 
rapidly  with  decreasing  temperature  and  in  some 
cases  exhibit  maxima.  This  Is  in  contrast  to 
ordinary  ferromagnetic  alloys  where,  at  low 
temperatures,  T  Is  independent  of  temperature; 
b)  The  magnetisation,  M,  derived  from  the 
resonance  center,  H  ,  shows  an  anomalous 
behavior  at  low  tamperatures  In  that  marked 

3/2 

deviations  from  the  usual  T  behavior  are 
observed  for  the  re-entrsnt  alloys.  The  same 


alloys  in  the  ferromagnetic  range  (l.e.,  higher 
values  of  x)  Indeed  show  the  T3/2 

behavior  at 

low  temperature;  c)  these  anomalies  arise  at 
tamperatures  that  are  well  above  T{  and  bear  no 
simple  relation  to  It. 

In  this  paper,  we  report  FMR  measurements 
on  «M>rphous  binary  alloys  Fe^B^  with  x  In  the 

vicinity  of  0.5,  l.e.,  about  0.1  higher  than 
that  required  for  onset  of  ferromagnetism.  In 
addition  to  exhibiting  the  aforementioned 
anomalies  showing  the  persistence  of  the  spin 
glass  behavior  in  amorphous  alloys  with  only  one 
magnetic  component,  the  existence  of  several 
metastable  states  due  to  the  non-ergodlc  nature 
of  spin  glasses*  Is  demonstrated.  These  mete- 
stable  states  are  characterized  by  differing 
values  of  H  which  depend  on  the  rate  of  cooling 
below  80  K. 

Experimental 

The  samples  were  prepared  by  rf  sputtering 
of  FeB  and  mixtures  of  FeB  and  B  onto  quarts 
substrates.  A  special  magnetic  focussing  ring 
was  used  to  confine  the  sputtering  Ions  so  as  to 
enhance  the  sputtering  rates.  That  the  fllma 
are  Indeed  chemically  homogeneous  was  confirmed 
by  the  sputter-ion  aass  spectrometer  which  also 
gave  their  clmnical  composition.  The  concentra¬ 
tion  range  (0.47  $  x  j$  0.S3)  studied  In  the 
present  work  Is  slightly  above  the  critical  con¬ 
centration  for  the  onset  of  ferromagnetism  In 
these  alloys*  and  brsekets  the  concentration  for 
which  the  crystalline  alloy,  FeB,  Is  a  strong 
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ferromagnet10  with  Tc  -  398  K.  Similar  amor¬ 
phous  alloy*  hav*  boon  pravloualy  investigated 
by  Moasbauer  spectroscopy.11 

Moat  of  tha  praaaat  FMR  aaaauraaant*  vara 
conducted  In  tha  parallal  gaoaatry  (Hd.c.llto 
sample  plana)  at  approximately  11  CHz  and  35  6Hz 
In  tha  temperature  range  2-300  K.  Using  tha 
equation,  (w/y)2  •  Hr(Hr  ♦  4«M),  tha  H-  data 
ware  uaad  to  avaluata  4*M  aa  well  aa  the  g-valua 
which. along  with  other  parameter*  of  the  alloy*, 
are  Hated  in  Table  I.  At  a  faw  tmaperaturea 
Hr  waa  aeaaurad  aa  a  function  of  the  angle 
between  the  aaapla  plana  and  tha  applied  field. 
Thia  provided  further  check*  on  the  value*  of  g 
and  M. 


The  preaent  raaulta  follow  the  trend  reported  la 
Ref.  12,  l.e.,  Fa  nonane  reduce*  monotonlcally 
with  reducing  x. 

The  temperature  dependence  of  the  obaerved 
linewidtha  at  11  GHz,  preaented  in  Fig.  2, 
clearly  ahow*  the  anomalous  behavior  at  low 
temperature*  and  in  particular  the  llnevidth  for 
the  F#47  alloy  exhibit*  a  maimrn  auch  aa  previ- 
oualy  reported  for  low  x  alloy*  is  other  re¬ 
entrant  systems.7*14 

For  the  preaent  dlaeuaalon,  the  reaulta  of 
greatest  interest  com*  from  noting  the  peculiar 
low  tMparatura  dependence  of  Hj  in  the  7*49  and 
F*47  alloy*  at  11  CHz.  For  Instance,  the  t am¬ 


iable  I  Magnetic  Parameters  of  Fa^B^^  Alloys 


Sample 

Cone. 

T  *  (K) 
c 

4*Mg 

(koe) 

g 

8  *  10"5  (K)-3'2 

“s'1 

**53 

**0.53*0.47 

560 

6.5 

2.07 

7.4 

0.81 

**49 

**0.49*0.51 

452 

5.5+ 

2.05* 

6.8 

0.71 

**47 

**0.47*0.53 

384 

4.95+ 

2.09* 

7.6 

0.71 

xtal  FeB 

598* 

- 

- 

- 

l.lc 

a.  deduced 

from  empirical  1 

relation  T  •  4  * 

10* (x  -  0.38) 

following  Ref. 

9 

*  for  80  <  T  <  .  At  K  (Fig.  1) 
t  extrapolated  (see  Pig.  1) 

b.  Ref.  10 

c.  Ref.  13 

d.  assumed  density  4-7  gn-as~* 


Reaulta  and  Dlscusalon 

The  twperature  dependence  of  the  magneti¬ 
sation,  derived  from  the  Hf  data,  is  preaented 
in  Fig.  1.  Apart  from  slight  deviations  below 
■'•20  t,  the  conventional  behavior,  N  - 
M0(l  -  BT3'2),  due  to  the  excitation  of  spin 
waves,  is  a  good  representation  of  tha  data  for 
F*53  over  the  entire  temperature  range,  that  la, 
up  to  T/Te  *  0.54.  Por  the  other  two  alloys,  the 
T3'2  dependence  is  observed  only  for  T  >  80  K. 
Over  these  temperature  ranges  the  g  values, given 
in  Table  I,  are  independent  of  T.  At  lower  T 
(see  below)  the  variation  in  Hr  becomes  more 
complex  and  one  eannot  assign  meaningful  values 
to  g  and  M  without  introducing  additional  param¬ 
eters. 

The  observed  values  of  B,  also  listed  la 
Table  I,  are  somewhat  larger  than  those  reported 
for  other  aorphous  alloys  of  comparable  Pe 
content7* 13  which  indicates  somewhat  weaker 
exchange  interaction  la  the  present  alloys.  It 
should  also  be  noted  that  for  the  Peg*  alloy, 
where  Asl^  has  a  straightforward  meaning,  the 
Pe  moment  is  0.87  ug/atom  which  is  to  be  com¬ 
pared  with  the  value13  1.1  us /a tom  for  crys¬ 
talline  PaB.  Por  the  other  two  alloys,  the 
zero  Kelvin  intercept  is  harder  to  interpret 
but  if  we  treat  the  Mg  values  aa  above,  tha 
values  0.78  ug/acom  and  0.71  uB/acom  are  ob¬ 
tained  for  PS49  and  7*47  alloys,  respectively. 


Pig.  1.  Temperature  dependence  of  the  magneti¬ 
sation  deduced  from  FMR  data  on 
Morpheus  FOjBj.j  alloys.  As  descr  .  . 

in  the  text,  below  80  K,  7*47  and  7049 
do  not  show  simple  behavior.  Hence, 
the  dashed  lines. 
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Fig.  2.  Temperature  dependence  of  cha  FMR 
llnawldchs  at  11  GHz  for  amorphous 
r“xBl-x  alloy*. 

paracura  dapandanca  of  Hr  at  11  GHz  for  Fa47  *c 
thrae  dlfferant  cooling  races  balow  "*80  R  la 
shown  In  Fig.  3  and  can  ba  dascrlbad  as  follows: 
a)  Tha  solid  line  reprasanta  what  w«  choose 
to  designate  tha  equilibria  state  obtained 
either  by  cooling  slowly  (M).25  K/nln)  or 
by  cooling  In  zero  field  directly  to  4  K 
and  observing  Hr  during  a  subsequent  vers¬ 
ing.  Pros  several  such  runs  we  deduce  that 
tha  Hj.  value*  are  good  to  about  10  Oa.  b) 
When  tha  sample  was  first  cooled  rapidly 
(^2  K/min)  from  80  K  to  50  K,  the  Hr 
values  represented  by  tha  solid  circles 
were  observed  during  a  subsequent  warm-up. 
The  warming  could  be  carried  out  quite 
slowly  without  affecting  the  H  data,  c) 

In  another  run,  tha  cooling  between  80  K 
and  50  K  was  carried  out  in  tan  minutes, 
followed  by  a  slow  cool  to  lover  tempera¬ 
tures.  The  values  shown  as  full  squares 
were  observed. 

For  other  cooling  cycles  Hr  values  between 
these  extremes  have  been  seen.  In  these  Inter¬ 
mediate  states,  however,  slight  changes  In 
temperature  cause  the  system  to  return  to  the 
equilibria  curve.  It  should  be  noted  that  the 
llnevldths  are  roughly  the  same  for  all  cooling 
cycles.  Although  v*  are  Implying  that  the  par¬ 
ticular  values  of  H,,  other  than  tha  equilibrium 
values,  are  symptomatic  of  metastable  states  In 
the  spin  freezing  process,  at  this  time  we  do 
not  know  precisely  how  the  cooling  rate  con¬ 
trols  the  specific  state  In  which  the  systas 
finds  Itself. 

It  has  been  known  for  some  time  that 


Fig.  3.  Temperature  dependence  of  the  resonance 
field  for  FMR  In  amorphous  F* 47.  As 
described  In  the  text,  below  80  K,  the 
data  are  dependent  upon  the  thermal 
history:  the  solid  line  Is  obtained  on 
slow  (''■0.25  K/min)  cooling  while  the 
other  data  represent  other  thermal 
cycles  (see  text). 


anisotropy  fields  develop  when  there  Is  a  tran- 
sltlonfrom  the  paramagnetic  to  the  spin  glass 
phase1 s,lt,  and  recently  similar  anisotropy 
fields  have  been  shown  to  accompany  the  ferro- 
magnet-spln  glass  transition.17  For  the 
equilibria  curve,  the  sharp  decrease  In  H_ 
around  20  K  Is  ascribed  to  this  effect.  If  In 
the  freezing  process  the  spin  systa  has  access 
to  other  states  of  metastable  equilibria  (1.*., 
local  free  energy  minima)  It  Is  not  surprising 
chat,  on  occasion.  It  finds  Itself  trapped  in 
one  of  these  configurations  and  conseqantly 
the  anisotropy  fields,  or  Hj,  differ  fra  the 
equilibria  value.  The  results  clearly  lend 
support  to  the  recent  suggestion8  that  the  spin 
glass  state  is  Inherently  non-ergodlc  in  charac¬ 
ter.  That  Is,  there  exist  many  equivalent  free 
energy  minima  with  significant  barriers  between 
tha  so  that  some  of  the  minima  are  Inaccessi¬ 
ble  during  the  approach  to  equilibria.  Thus 
It  may  happen  that  Che  systa  gets  metsstsbly 
locked  into  a  state  of  "local”  equilibria  In 
which  the  spin  configurations  ad  the  consequent 
internal  fields  are  significantly  different  fra 
those  In  the  "true"  equilibria  state.  Further 
work  is  being  done  to  study  the  type  of  thermal 
effects  shown  In  Fig.  3  at  other  microwave 
frequencies  and  dlfferat  x  values. 
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APPENDIX  5 

Moaabauer  study  of  magnetism  in  an  amorphous  Fe.  ^B^  aputcered  film*' 
N.  A.  Blua 
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ABSTRACT 

Mossbauer  atudlea  of  aaorphoua  Iron/boron  alloya  have  proved  uaeful 
for  understanding  aagnatlc  phenomena  In  aeructurally  disordered  ayataaa. 
In  lroa-rleh  alloy*  the  ,7Fe  Moaabauer  apectra  at  T«TC  of  both  nelt- 
quanched  and  sputtered  aaterlala  consist  of  broadened  magnetic  hyper fine 
lines.  Indicative  of  structural  distortions  In  the  coapounda  PejB  and 
7*|B.  The  spectra  of  sputtered  fllaa  with  approximately  50Z  Fe  aay  be 
characterised  by  two  qualitatively  distinct  Fe  sites:  (1)  sites  yield¬ 
ing  a  broadened  aagnetlc  hyperflne  apectrua  slallar  to  the  sharp  spec- 
true  of  the  coapound  FeB,  and  (2)  sites  having  a  zero  (or  very  email) 
aagnetlc  hyperflne  field,  evidenced  by  a  slightly  aaynaetrlc,  partially 
resolved,  quadruple  doublet.  In  order  to  further  examine  the  nature  of 
these  low  field  sites,  a  40X  Fa  sputtered  aaorphoua  film  was  examined  at 
4.2  K  In  external  magnetic  fields  up  to  8.0  T.  Interpretation  la  diffi¬ 
cult,  partly  because  the  aagnetlc  and  quadrupole  interactions  are  of 
coaparable  magnitude  and  partly  because  of  the  distributed  nature  of  the 
hyperflne  paraaeters.  A  pure  spin-glass  phase  was  ruled  out  by  a  narrow¬ 
ing  of  the  spectrum  In  a  2.0  T  external  aagnetlc  field.  Two  components 
were  Identified  In  the  external  aagnetlc  field  spectra:  (1)  non-magne tic 
(-  SOX),  and  (2)  aagnetlc,  with  unusual  behavior  that  nay  be  due  to  a 
low  moment,  mixed  farromagnetlc/spln-glass  phase. 

FACS  numbers:  73.50.Xj,  76.80.+y,  75.25+* 


INTRODUCTION 

Previous  Moaabauer  atudlea  of  sputtered,  aaorphoua, 
F«xBl0O-x  <11**  with  approximately  40  to  50  at.Z  Fe 
Indicate  chat  at  temperatures  well  below  the  magnetic 
ordering  temperature  Te  the  spectra  may  be  fit  by  a 
aagnetlc  hyperflne  field  distribution  P(H).  This  dis¬ 
tribution  la  qualitatively  characterized  by  a  broad, 
structureless  peak  with  a  maximum  near  120  kOe  at  x  ■ 

50,  shifting  towards  lower  H  values  with  decreasing  Fe 
concentration  [1].  Another  peak  has  bean  observed  In 
the  P(II)  distribution  that  has  a  maximum  near  30  kOe; 
this  peak  Increases  In  Intensity  with  decreasing  Fe  con¬ 
centration,  but  tha  maximum  of  the  peak  remains  near  30 
kOe  [2,3].  This  low  field  peak  la  not  observed  In 
sputtered  films  with  x  2  60,  nor  In  any  of  the  malt- 
quenched,  Iron/boron,  amorphous  alloys.  It  appears  to 
be  essentially  the  same  as  the  peak  seen  In  the  F(H) 
derived  from  spectra  obtained  above  Tc,  where  It  la 
clearly  just  an  artifact  of  the  computational  procedure 
[4,5]  In  which  the  broadened  quadrupole  doublet  la  fit 
by  an  equivalent  magnetic  field  distribution.  A  repre¬ 
sentative  example  la  shown  In  Fig.  1,  for  Fes :B, 7 , 
where  the  optimized  P(H)  distribution  ahows  two  clearly 
defined  maxima  at  about  30  and  120  kOe.  The  Implica¬ 
tion,  as  pointed  out  elsewhere  [2],  Is  chat  there  are 


Fig.  1.  Hhtbean  •eectna  mi  least  squares  ellHut  earns  tic  hypet- 
<la*  fl»U  distrlkutlee  K10  far  sputtered  ■wrphsus  f«n»«>  file  at 
T  •  »»  Z. 


two  types  of  Fe  sites  in  these  samples:  (a)  sites  with 
a  mean  magnetic  hyperflne  field  close  to  the  value  in 
crystalline  FeB,  and  (b)  low,  or  zero  field  sites  sub¬ 
stantially  different  from  the  crystalline  ones.  This 
paper  reports  on  the  nature  of  these  low  field  site*  by 
examining  the  Interaction  with  an  external  magnetic 
field.  For  this  purpose,  a  sample  with  a  composition 
dose  to  the  threshold  for  magnetic  ordering  (-  *0X  Fe) 
[1]  was  used  In  order  to  minimize  Interference  In  the 
Mossbauer  spectra  from  the  Inner  lines  of  tha  strongly 
nagnetlc  components. 


EXPERIMENTAL 

Amorphous  Iron/boron  thin  films  wers  deposited  In 
an  rf  diode  sputtering  system  having  a  base  pressure  In 
the  mid  -  10“'  Tort  range.  Argon  was  used  as  the  sput¬ 
tering  gas,  throctled  during  deposition  to  a  pressure 
of  about  5  pm.  The  sputtering  target  was  a  mechanical 
mixture  of  cosawrclally  obtained  99Z  pure  FeB  and  99. 7Z 
pure  boron  powders  packed  Into  an  Iron  target  holder 
dish.  The  atomic  composition  of  the  target  powder  mix 
was  nominally  FettBsz;  secondary  Ion  mass  spectrometry 
(SIMS)  analysis  of  the  sputtered  films  gave  a  composi¬ 
tion  of  Fe.gBf ,  with  good  homogeneity.  Three  samples 
prepared  at  the  same  time,  each  alloy  layer  3  to  5  pm 
thick  on  a  Kapton  polylmlde  film  substrate,  were  mount¬ 
ed  together  to  form  the  Mossbauer  absorber  used  In  the 
experiments  reported  here.  Lack  of  long  range  order 
was  ascertained  by  x-rsy  diffraction  on  similarly  pre¬ 
pared  samples  deposited  on  glass. 

The  Mossbauer  spectra  were  obtained  with  both  the 
,7Co  In  Rh  source  and  the  amorphous  Fe.iBio  absorber  at 
the  same  temperaturs  (4.2  K  In  the  magnetic  field  ex¬ 
periments).  The  spectrometer  Is  a  conventional  con¬ 
stant  acceleration  electromechanical  velocity  modulator 
used  In  conjunction  with  a  multichannel  analyrar/com- 
puter  for  collecting  and  analyzing  the  data.  The  nag- 
nstlc  field  experiments  were  performed  at  the  MIT 
Francis  Bitter  National  Magnet  Laboratory  using  a  super¬ 
conducting  solenoid.  A  reverse  winding  on  the  solenoid 
kept  the  aagnetlc  field  at  the  source  near  zero. 

The  magnetic  hyperflne  field  distributions  F(N) 
ware  obtained  using  a  version  of  Window's  procedure  for 
fitting  a  continuous  distribution  of  magnetic  fields  to 
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A  truncated  cosine  aeries  expansion  in  H  [4,5].  Asym¬ 
metries  in  the  spectre  ere  due  to  correlations  between 
isomer  shift,  quadrupole  interaction,  and  magnetic  in¬ 
teraction.  The  P(H)  prograa  symmetrizes  the  spectra 
end  does  not  explicitly  consider  Isoaer  shift  and  quad¬ 
rupole  splitting  distributions.  In  the  present  imple¬ 
mentation  of  this  proesdure  the  relative  intensities  of 
the  da  -  0  lines  were  allowed  to  vary  between  0  and  3.5 
to  obtain  the  beat  least  square*  fit.  The  intensity 
ratios  of  the  outer  to  inner  lines  were  fixed  at  2.6 
because  thin  (2-5  gm),  sputtered,  pure  iron  foils  least 
squares  fit  with  Lorentzian  lines  of  width  0.28  to 
0.30  ea/sec  showed  outcr-to-inner  Intensity  ratios  (also 
area  ratios)  of  2.6:1.  For  well  defined  spectra  (higher 
Fe  concentration),  using  an  outer/inner  ratio  of  2.6 
gave  better  fits  than  using  the  theoretical  ratio  of 
3.0. 


IESULTS 

The  spectra  of  Fe««B««  in  zero  external  magnetic 
field  together  with  plots  of  the  derived  internal  mag- 
netlc  field  distributions  at  77  K  and  4.2  K  are  shown 
in  Fig.  2.  The  quadrupole  splitting  at  77  K  is  dQ  ■ 
0.62  an/sec.  At  295  K  and  10  K  (not  shown)  the  spectra 
are  nearly  identical  to  those  at  77  K  and  4.2  K,  re¬ 
spectively,  indicating  that  the  magnetic  ordering  tem¬ 
perature  Tc  is  between  10  K  and  77  K.  The  peak  at 
24  kOe  in  the  77  K  P(H)  distribution  is  a  computational 
artifact  in  which  the  quadrupole  doublet  la  interpratad 
as  an  equivalent  magnetically  split  spectrum.  At  4,2  K 
the  P(H)  peak  broadens  and  moves  to  higher  field.  This 
is  a  manifestation  of  the  appearance  of  an  Internal 
magnetic  hyperflne  field  Ht„t  below  Tc.  Since  the  mag¬ 
netic  P(H)  and  the  component  due  to  the  quadrupole 
splitting  overlap,  it  la  not  possible  to  extract  simply 
the  magnetic  P(H)  from  the  mixed  electric  quadrupole/ 
magnetic  dipole  interactions.  Indication  of  a  signifi¬ 
cant  distribution  of  quadrupole  splitting  is  evident 
from  the  line  widths  in  Fig.  2a  (0.50  am/sec),  and  also 
from  an  inability  to  fit  the  spectrum  with  Lorentzian 
shaped  lines.  The  spectrum  asynnetry  further  indicates 
that  Che  quadrupole  splitting  is  correlated  with  Isoaer 
shift.  The  average  isomer  shift  at  4.2  K  is  6  ■  +0.11 
am/sec,  and  is  independent  of  external  magnetic  field. 
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rtf.  2.  Noifbauar  ,p«tta  aa4  Ml)  4UMtkutleu  for  s*«ttsr*4  aaor- 
**•«*  T*„S«,  fils  at  (a)  71  (  aad  Ck)  4.2  R|  •  0. 


The  spectra  in  external  magnetic  field*  Happ,  co- 
1 Inear  with  the  Y-ray  direction,  and  plots  of  derived 
leest  squares  P(H)’s  art  shown  in  Fig.  3.  The  solid 
lines  in  the  spectra  correspond  to  the  least-squares 
fit.  The  arrows  beneath  tho  spectra  indicate  the  po¬ 
sitions  of  the  centers  of  the  outer  spectral  lines  cor¬ 
responding  to  H1C_.  In  an  external  field,  P(H)  Is  un¬ 
derstood  to  be  riiitql),  where  the  vector  sum  8  •  H^ne  + 
&app  is  Che  net  (observed)  magnetic  field. 


The  appearance  of  the  spectra  at  all  external 
fields  indicates  the  presence  of  a  net  magnetic  field 
component  dose  in  magnitude  to  the  applied  field.  Ac 
the  same  time,  the  region  of  the  spectrum  corresponding 
to  zero  (or  small)  net  magnetic  field  remains  intensi¬ 
fied  beyond  what  it  would  be  if  the  applied  field 
(broadened  by  the  Internal  field  distribution  and  quad¬ 
rupole  distribution)  were  the  only  net  field.  Table  1 
gives  the  peak  positions  and  widths  for  all  of  the  P(H) 
distributions  shown  in  Fig.  2  and  3.  The  fourth  column 
of  the  Table  will  be  explained  later. 
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Ftf.  1.  Nmkain  ipwtn  aad  Ml)  dlatrikittloaa  far  apattarad 
aaorpkoaa  fa,.  It  a  flla  at  4.2  K  aad  savaral  values  af  lap*.  Tha 
arrows  ladlcaca  tha  outer  lias  poaltloaa  correaaoadtas  to  tha 
applied  aspaatlc  field. 


A  qualitative  description  of  the  effects  on  the 
spectra  of  the  external  magnetic  field  follows  (refer 
to  Fig. 3):  The  spectrum  narrows  upon  the  application 
of  20  kOe,  and  is  characterized  by  a  P(H)  at  40  kOe 
similar  to  the  P(H)  at  0  kOe.  At  60  kOe  the  peak 
shifts  upwards  and  broadens.  At  Happ  «  80  kOe  two 
peaks  can  be  resolved  in  the  P(H):  one  et  35  kOe  and 
the  other  at  72  kOe,  both  of  about  the  seme  width.  If 
one  assumes  two  equal  width,  gausslan  shaped  peaks,  the 
peak  positions  (unfolded)  lie  near  34  and  74  kOe.  The 
lower  applied  field  P(H)  distributions  could  similarly 
be  split,  less  convincingly  to  be  sure,  into  over¬ 
lapping  distributions  corresponding  to  H  *  0  (appears 
to  be  a  peak  at  32  kOe  due  to  the  quadrupole  doublet) 
and  a  peak  near  H  -  Happ.  In  the  Happ  •  80  kOe  spec¬ 
trum,  the  partially  resolved  peaks  lend  a  degree  of 
credibility  to  the  Interpretation  that  there  are  basi¬ 
cally  two  components  observed  in  the  spectra:  on* 
characterized  by  the  magnitude  of  the  applied  field 
and  the  ocher  by  a  lower  field  distribution  that 
crosses  through  Hn  •  0  kOe  near  Kapp  -  20  kOe,  and  in¬ 
creases  to  about  Hn  -  34  kOe  at  Kapp  •  80  kOe. 

DISCUSSION 

The  P(K)  distributions,  especially  the  one  at  Happ 
»  80  kOe  showing  resolved  peaks  at  ■  34  end  74  kOe, 


laply  Chat  there  ara  at  laaat  two  magnetic  aitaa:  on a 
essentially  aon-magnetlc,  giving  H_  »  Hmp_;  and  tha 
athar  aagnaclc  In  tha  a ansa  chat  thara  la  an  lnearnal 
contribution  to  tha  hyperflna  flald.  Tha  considerable 
width  of  tha  74  kOa  peak  aay  ba  dua  to  two  cauaaa:  (1) 
tha  coablnad  quadrupola/aagnatlc  Intaractlon,  and  (2) 
tha  flnlta  raaolutlon  of  tha  computational  aathod. 

That  tha  paak  at  H,,  -  74  kOa  occurs  at  a  valua  laaa 
than  tha  appllad  flald  la  attrlbutad  to  a  awall  demag- 
natlslng  flald  and  to  lack  of  knowledge  concerning  the 
aaparate  shapes  of  tha  two  distributions t  the  low 
flald  distribution  way  have  a  tall,  shifting  lower  tha 
apparent  position  of  tha  higher  paak. 

Tablo  1.  Position  of  paoka  sad  widths  of  P(H)  distributions  for 
*•40*60  st  various  external  magnetic  flalds.  T  »  4.2  K,  except 
for  tho  first  entry.  Tha  fourth  eolian  lists  ths  psaks  of  ths 
P(H)  distributions  for  ths  strlppsd  spectra  (ass  text ) . _ 
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Analysis  Is  exacerbated  by  tha  dlatrlbuted  nature 
of  all  tha  fundamental  Interactions:  lsoaar  shift, 
quadrupola  splitting,  and  nagnatlc  splitting.  Not  only 
ara  these  Interactions  distributed,  but  tha  shapes  of 
tha  distributions  ara  a  priori  unknown.  Since  tha  spec- 
trun  Initially  narrows  on  application  of  an  external 
nagnatlc  field  (20  kOe) ,  it  Is  dear  that  thara  ara  Iron 
sonants  aligned  with  the  external  field  (the  Internal 
flald  direction  Is  oppoalta  to  tha  nagnatlc  sonant  di¬ 
rection),  l.a.  there  Is  a  nagnatlc  component.  Tha 
average  quadrupola  splitting  (-  0.6  an/sec)  is  equal  to 
tha  *'Fe,  I  ■  3/2,  excited  state  nagnatlc  splitting  at 
90  kOe.  The  spectra  thua  ara  In  tha  regime  of  alxad 
electric  quadrupola/aagnatlc  dipole  Interactions  of 
comparable  magnitude,  precluding  tha  usual  perturbation 
approach. 

An  alternative  to  analysing  Che  spectra  by  studying 
the  P(H)'s  Is  to  generate  a  theoretical  spaccrua,  using 
the  exact  Hamiltonian  for  the  mixed  Intaractlon  [6,7], 
and  averaging  over  all  angles  between  the  fixed  exter¬ 
nal  magnetic  flald  direction  (collnear  with  tha  Y-ray 
direction)  and  tha  direction  of  tha  EFC  principal  axis. 
In  doing  this.  It  Is  appropriate  to  use  as  generating 
parameters  tha  experimental  quadrupola  doublet  line 
width  (above  Te)  to  account  for  tha  distribution  of 
quadrupola  Interactions  and  Isomer  shifts,  tha  observed 
quadrupola  splitting,  and  the  applied  magnetic  field. 

The  computer  generated  spectrum  Is  than  normalised  and 
subtracted  from  the  observed  spectrum  by  matching  the 
theoretical  and  experimental  spectra  In  the  outermost 
extremities  (wings).  As  in  the  P(H)  analysis,  the 
method  Is  much  more  convincing  In  tho  Happ  -  80  kOe 
case  than  In  the  lower  field  experiments.  The  result 
(for  the  80  kOe  case)  Is  that  somewhat  nore  chan  half 
the  area  under  the  spectrum  corresponds  to  just  the 
applied  magnetic  field,  broadened  and  distorted  by  the 
quadrupola  distribution.  The  remainder  of  the  spectrum 
contains  no  structure  (like  the  Happ  ■  40  kOs  spectrum) 
and  glvas  s  I' 00  with  an  observed  peak  at  H„  ■  38  kOe. 

Similarly,  theoretical  spectra  for  the  other  ap¬ 
plied  fields  were  generated  and  subtracted  from  the  ex¬ 


perimental  data.  The  resulting  "stripped"  spectra  were 
fit  by  P(H)  distributions,  the  peak  values  of  which  are 
listed  in  the  last  eolian  of  Table  I.  The  stripped 
spectra  appear  to  be  nearly  shielded  from  the  external 
field;  this  behavior  la  Inconsistent  with  simple  ferro¬ 
magnetism.  The  distribution  peaks  near  30  kOe  are  not 
readily  Interpreted  In  detail  because  of  the  unknown 
contributions  of  the  quadrupola  and  Isomer  shift  dis¬ 
tributions.  About  the  only  conclusion  thst  aay  be 
drawn  In  each  case  Is  that  the  Internal  magnetic  field 
(for  this  component  of  the  apectnn)  Is  lass  then  30 
kOe,  and  may  be  close  to  sero. 

One  might  anticipate  the  possibility  that  at  4.2  K 
the  Iron  moments  are  In  a  spin-glass  phase.  There  Is 
evidence  of  this  In  the  recent  FMR  experiments  of  Webb 
at  al.,  where  sputtered,  -S0Z  Fe  samples  show  linn 
width  anomalies  at  low  temperature  that  are  character¬ 
istic  of  spin-glass  behavior  [8].  In  an  external  mag¬ 
netic  field  the  position  of  the  peak  of  the  P(H)  of  a 
spln-glaaa  would  increase,  and  the  width  would  also  In¬ 
crease.  Quite  the  opposite  Is  observed  when  Ha  » 

20  kOe  (Fig. 3).  Unless  the  spin-glass  state  ls**de- 
atroyed  by  the  20  kOe  applied  field,  amorphous  F<uiB«« 
at  4.2  K  la  not  simply  a  spin-glass.  The  observed  be¬ 
havior  of  the  low  field  components  aay  be  due  to  the 
coexistence  of  low-moment  ferromagnetic  and  spin-glass 
phases  [9].  The  (small)  Internal  field  associated  with 
the  ferromagnetic  phase  subtracts  from  the  applied 
field,  while  the  spin-glass  phase  contributes  a  slow 
broadening  and  increase  In  the  peek  position  of  P(H). 

In  summary,  external  magnetic  field  experiments  on 
amorphous,  sputtered  reulu  Identify  two  types  of  Iron 
sites:  (1)  non-«agn*t ic  (magnetic  moment  close  to 
sero),  and  (2)  magnetic  (having  e  distribution  of  mag¬ 
netic  moments)  -  possibly  e  low-moment,  mixed  ferro¬ 
magnetic  /spin-glass  phase. 
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